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1. Introduction 


FOLLOWING Silberstein’s explanation of the optical anisotropy of molecules, 
Ramanathan! amongst others utilised the observed depolarization factors 
to calculate the interatomic distances in some typical cases. These results 
are not in agreement with the values obtained from band spectra. Havelock? 
on the other hand, assumed the known interatomic distances and calculated 
the polarizabilities of the constituent atoms. This subject has now acquired 
a fresh importance since such calculations may be extended to the deter- 
mination of the intensity of Raman lines. It is well known that the 
intensity of a Raman line depends upon the variation of the induced optical 
moment of the molecule with respect to the corresponding normal co-ordinate. 
Since the polarizability of a molecule can be determined from the above 
calculations, its dependence on a particular normal co-ordinate and hence 
the intensity of the corresponding Raman line may also be evaluated. In 
the present investigation, this method has been applied to the special case of 
the total symmetric Raman line in CCl,. Some experimental results obtained 
by the author are compared with the theory. 


2. Expressions for a Tetrahedral Molecule 


Carbon tetrachloride has to be regarded as a regular tetrahedron with 
the four like atoms at its corners and the carbon atom at its centre. Havelock 
obtained the expressions for the polarizability of such a structure. This 
arrangement is optically isotropic and we have 

‘ on 2 
216 (4 re *) a, tay {216 + Ss (33011 - sc 
ey at (34 Say _ HX tees a 
a3 dé a® 
In the above expression a, and a, are respectively the polarizabilities of the 
chlorine and the carbon atoms. d is the edge of the tetrahedron and a is 
the polarizability of the CCl, molecule. This expression can be simplified 
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to give (2) if we assume that the polarizability of the carbon atom is negligible. 
Such an assumption is only approximate and is justifiable if we regard that 
the carbon in this case is nearly in the form of an ion C*. 


fa, + 2a,°/d — 
a 9a ,? 2) 
+i a ‘ 


A simple relation given by r = } @ 1/6 exists between the edge d of the tetra- 
hedron and its radiusr. The value of a can now be thrown into another form 
given below in (3). 


a> 





4a, + 36 a," 
— 1678 . (3) 
1 ov6a,  2Mda; 
6473 1024 r 
The variation of the polarizability with respect to the total symmetric 
normal co-ordinate is obtained by differentiating (3) with respect to r as 
follows : 


oo o/s <i 9V6a, 243 x asi) 

da \ * 16 7 64 r! 1024 77 

dr 3V6 a, 243 af 
+a ~ fae 








91/6 a,’ : (4) 
36a, 243 a;? 

647 ~ 1024 ys) 
The ratio of the intensity of the Raman line corresponding to the total 
symmetric oscillation of the tetrahedron to the Rayleigh line is given by 
the expression (5) 





: 16 (1+ 


da y 
I(Raman) A \dr/}. 5 
I (Rayleigh) ~ 8m*vp ~ a (5) 
p stands for m/4 in this case where m is the mass of the chlorine atom. 
the vibrational frequency of the corresponding Raman line. 


So far, these calculations apply to the case of gaseous CCl, only. But 
the moment we go to the liquids state, complications set in. We have to 
introduce the compressibility of the liquid and the expressions have accord- 
ingly to be altered. Rayleigh scattering being coherent is reduced in the 
liquid in the ratio of 1 : = bf ” where R is the gas constant, T is the absolute 
temperature, f is the isothermal compressibility, v is the number of molecules 
per unit volume and N is the Avogadro number. The intensity of Raman 
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scattering remains unaltered as it is incoherent. The correction term can 


also be written as — P where p is the density of the liquid and M is the 


molecular weight. ‘Thus the ratio of the intensity of the total symmetric 
Raman line to the Rayleigh scattering in liquid CCl, may be calculated with 
the help of (5). ‘The results are given in Table I. 


3. Experimental Details and Results 


The following technique is adopted for measuring the intensities of 
Raman lines. A step-filter over which a set of graded intensity steps are 
present is placed in the path of the scattered beam. The steps are in the 
ratio of 100 : 43: 18-6: 2-2: 0-8. All the steps are clearly focussed on 
the slit of the spectrograph by means of a lens. Adjustments are so made 
that the upper and the lower portions of the image on the slit of the spectro- 
graph are of uniform illumination. Carefully distilled CCl, is poured into 
the Raman tube and the condenser method of illumination is employed. 
“Selochrome ’’ plates for which the photographic sensitivity over the region 
4046 — A4358 has been determined by a prior experiment have been used. 
In about 24 hours, all the Raman lines are clearly recorded. The plate is 
run through a Moll microphotometer and the ratio of the peak intensity of 
the principal Raman line to that of the corresponding Rayleigh line is 
determined in the usual manner. The results are given in Table I. 


TABLE I 


Total Symmetric Raman Line in CCl, 





ax 10% I (Raman) 
tf 


| 

_I (Raman) | . 
| x 1018 I (Rayleigh) x 
| 1016___ 

| 


-\ —————-- 





r 


eale. obs. eale. | obs. 





at 


1-63 | 10-2 | 10-4 3-6 | 2-0 
| | 

The radius of the tetrahedron is obtaind from electron diffraction 
experiments.* a, refers to chlorine and this value is the same as that which 
has to be ascribed to chlorine in HCl in order to account for its refractivity 
and anisotropy. The observed value of 10-4 for a (CCl,) is based on the 
value of 35-39 x 10-* given by Havelock for n? — 1 for the D-line for CCl, 
vapour. The agreement between the calculated and observed values is 
satisfactory. The overtone of the 780 doublet in CCl, has also been recorded 
and an estimate is made of its intensity and state of polarization. These 
tesults are given in Table IT. 
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TABLE II 


780 Doublet and the Corresponding Overtone in CCl, 





Raman line 780 1538 
Doublet Overtone 








Depolarization - -89 -41 


Relative Intensities .. cy! 





Results obtained by the author are compared with those of the earlier 
investigators in Table III. 


TABLE III 


Intensity of Raman Lines in CCl, 





I (Raman)/I (Rayleigh) x 10° 





Daure | Veerabhadra Rao | Author 





2-5 
3-6 
3-0 











4. Discussion of Results 


Veerabhadra Rao* and Daure® and others determined the intensities 
of the Raman lines and their results are at variance amongst themselves. 
The values obtained by the present author are of the same order of magni- 
tude as those obtained by Veerabhadra Rao. The experimentally observed 
value of 2-0 x 10-* for the intensity of the principal Raman line in CCl, 
may be compared with the theoreticl estimate, namely 3-6 x 10-° given in 
Table I. The agreement is satisfactory. The fact that the overtone at 
1538 exhibits partial polarization while the cotresponding fundamental is 
depolarized to the limit is an interesting result. That we should expect such 
a situation has recently been shown by Bhagavantam and Venkatarayudu.® 
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5. Summary 


Assuming a tetrahedral structure for CCl,, its mean polarizability and 
the intensity of the Raman line corresponding to the total symmetric expan- 
sion have been calculated and compared with the experimentally observed 
values. The agreement is satisfactory. 


The first overtone of the Raman doublet at about 780 has been recorded 
and its state of polarization studied. The fact that it has been found to be 
well polarized, although the fundamental is depolarized to the limit, is in 
agreement with what may be expected on theoretical grounds. The total 
intensity of the fundamental has been found to be about 8 times as much 
as that of the overtone. 


In conclusion, the author desires to express his grateful thanks to 
Prof. S. Bhagavantam for the keen interest he has shown during the 
progress of this work. 
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I 
THE object of this paper is to prove the following : 


THEOREM 1: When m < 16, im every set of m consecutive integers, there 
is at least one integer which is prime to all the rest in the set. 


When m = 17, below 30030 (= 2, 3, 5, 7, 11, 13) there are two sets of 
17 consecutive integers which do not satisfy the condition of theorem. They 
are 2184——2210 and 27830——27846. 


As a matter of fact, when m > 17, the truth seems to be the following : 


THEOREM II: When m > 17, there are any number of sets of m conse- 
cutive integers such that there is no integer in the set, which is prime to all the 
yest in the set. 


I have not succeeded in proving theorem II; but I have verified that 
it is true till m — 430. The method of verification is also indicated. 


I arrived at theorem I in my attempt to prove that the product of m 
consecutive integers cannot be a perfect power. For some time I was under 
the impression that it would be universally true. I was able to prove 
‘lemma (2)] that if the theorem is true when m is odd, then it is true for the 
next eveninteger. This result increased my hope. SoI made many attempts 
to extend the result from an even integer to the succeeding odd integer, 
but only in vain. At last I arrived at the first set given above for m = 17. 


The theorem itself is curious in that it stops at 16. But the method 
of proof is still more curious ; because the method of induction applies from 
an odd integer to the next higher even integer, but it fails from an even 
integer to the next higher odd integer. I wonder whether such a curious 
phenomenon in induction happens anywhere else. 





* This formed a part of my Thosis for the M.Sc. degree of the Madras University. 
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II. Lemmas 


Lemma (1): If among the integers n,n +1,---, n+m —1, there 
is one number & which is prime to all the rest, then every prime divisor 
of k is greater than or equal to (m + 1)/2. 


Let p be a prime divisor of &. 
Then k — p, k, k + p have got the common factor p. 
Since & lies in (n, m +n — 1) and prime to all the rest, A —p andk +p 
should fall outside this interval. 
So (l)k —p<n—1 and (2) k +p>n +m. 
Subtracting (1) from (2), we get 
2p >m+1. Sop >(m + 1)/2. 


Lemma (2): If the theorem is true when m = 2r +1 and r >2, then 
it is true for m = 2r + 2 also. 


Let (AB), (CD) denote the intervals (nm, m + 27), (n +1, m +1 + 2r). 
By our assumption, there is one & in (AB), and one &’ in (CD), which are 
prime to all the rest in their respective sets. If either (k, D) =1 or (A, ’) 
= 1, then either & or k’ is prime to all to rest in the whole set (A, D). So 
the only unfavourable case is that simultaneously 


(4; D) =d> 1 and (@, A) = @ > 1. (1) 
By lemma (1), every prime divisor of k and k’ >r +1 and so odd; for 
y>2. Hence k, k’, d, d’ all are odd. Again by lemma (1), 
@d>r-+1 and @ >r +1. 
So k + 2d and k’ — 2d’ fall outside the interval (AD). 
Therefore 
k+d=Dandk’ —@ =A. 


Consequently, since k and & are odd, D and A are even. But D —A = 
2y +1. So one of D and A is odd which is against our conclusion. So our 


assumption (1) is wrong. From this and our first conclusion, the lemma 
follows. 


Lemma (3): When m >4, if & and R’ are in and prime to all the rest 
in (AB), (CD) respectively, 
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and & and &’ are divisible by #, 

then k =k’. 

By lemma (1), p >(m + 1)/2. 

Hence, since m > 4, k, k’ and p are odd. 


Therefore, k —p and k + are even, and k — 2p, k +2 fall outside 
(AD). Hence if p/(k, k’), then k =k’. 


Lemma (4): If p is any odd prime, then among m consecutive integers, 
p can divide at most [1 + (m — 1)/2p] odd numbers. 


If we assume that the first number is odd and a multiple of », the number 
of odd multiples of p in the rest is [(m —1)/2)]. This is the most favour- 
able case. 

III. Proof of Theorem I 

Now we are in a position to prove our main theorem. 

We consider a set of m consecutive integers. If p >m and T be a 
number in the set divisible by /, then, T — p and T + p fall outside the 
interval. Hence T cannot have the common factor » >m with any other 
integer in the set. 

Therefore in proving the theorem, it is enough if we consider the divisi- 
bility with respect to primes < m — 1 only. 

Further by lemma (2), it is enough if we prove the theorem for 

m =2,3, 4,5, 7, 9, 11, 13 and 15. 

Casei: m =2, 3. 

Since m is prime to (m — 1) and (m + 1), the theorem follows at once. 

Case ii: m =4. 


In this case we have to consider the divisibility with respect to 2, 3 only. 


9 9 
oo = 


Let the four dots represent four consecutive integers. Let the first 
and the third be divisible by 2. Now 3 can divide only one of the numbers 
represented by the two blank points. Hence one number is divisible by 
neither 2 nor 3. So, that number is prime to all the rest. Consideration 
of symmetry leads us to the conclusion that the result of the other alter- 
native with respect to the divisibility by 2 is the same. 

In considering other cases, it is always assumed that the theorem is 
true for the previous case. Hence in the following, 
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B D 


there is an integer & in (AB) and 2’ in (CD), which are prime to all the rest 
in the respective sets. Let p be a prime divisor of k or k’. Then by lemma 
(1), 2 >m/2. Therefore, if p be a possible prime factor of either & or k’, 
which is less than m, then values of # for m are given by the following table : 
m= 5 7 9 11 13 15 
p= 3 5 5, 7 7 2 aa 
Case iii: m =5, 7, 11. 
If k and #’ coincide, then # is prime to all the rest in (AD). Hence 
the only unfavourable case is that & and #’ are different. From the above 
table, there is only one possible prime factor < m, for k, k’. So by lemma 


(3), one of k, &’ is divisible by no prime <_m. From (2), it follows that 
that particular number is prime to all the rest in (AD). 


Case iv: m@ =2%. 
In this case, the only unfavourable case is when either (, D) =5 and 


(k’, A) =7, or the reverse. Since we are concerned with divisibility only, 
the order is immaterial, and so, it is enough if we consider only one case. 


Since k?’ —14< A andk+10>D, A =k’ —7 and D =A +5. 
By lemma (2), &’ is odd ; so A is even. 
Therefore divisibility with respect to 2, 5, 7 is as follows: 


s ¢ -& B(=K’) D 


2,7 2 5 2 2 7 2,5 


ay 


Now there are two blank points and there is only one prime 3 is at 
our disposal. Since the difference between them is 4, if we assume that 
one number is divisible by 3, then the other is not divisible by 3. Hence 
one of these two blank points* is not divisible 2, 3, 5 or 7. Hence that 
number is prime to all the rest in the set. So the theorem is proved in this 
case, if it is true for 8. 


Case v: m =13. 


Arguing out as in iv, in the most unfavourable case, we get the arrange- 
ment with respect to divisibliity by 2, 7, 11 as follows: 





* Since there is no room for misunderstanding, number and point are used indif- 
ferently. 
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27 2 2 2 tL. 2 
Now the distance between the extreme blank points is 8. Therefore by 
lemma (4), 5 divides at most one, and 3 at most two blank points. But 


there are four blank points. So at least one blank is not divisible by any 
prime < 13. Hence the theorem is true for 13, if it is true for 12. 


Case vi: m = 165. 


Arguing out as in iv, in the most unfavourable case, we arrive at the 
following scheme with respect to the divisibility by 2, 11, 13: 


AC B D 


:.2ume 8 8 A 

Number of points in the interval terminated by the extreme blank 
points is ll. Therefore by lemma (4), 7 will cover only one blank point, 
and 5 can cover at most 2 blank points, and that is when it covers the 
extreme ones. So when 5 covers 2 blank points, for the divisibility with 
respect to 2, 5, 11, 13 we get the scheme: 


25 211 2 2 2 25 2 13 2 
Now the interval terminated by the extreme blank points contains only 
five points. So by lemma (4), 3 and 7 can cover at most one blank point 
each. Hence one blank point is left uncovered. Therefore the only 
unfavourable case is the scheme in which 5 does not cover the extreme 
blank points in (4). In this case, by lemma (4), 7 can cover only one blank 
point, and 3 only two blank points. So in this case 3, 5, 7 can cover only 


four blank points, while there are five such points. Therefore, the theorem 
is true for 15 if it is true for 14. 


Thus by combining the results in the above six cases with the lemma 
(2), we arrive at the theorem I. 


Section IV 


In this section I prove that theorem II is true when 17 < m < 430. 


Write down all the numbers from 1 to 430 (see the table at the end of 
the paper). Insert the primes 2, 3, 13 against 1, 2, 4 respectively. From 
the number 1, count 2 by 2, and cut out the resulting numbers. From the 
number 2, count 3 by 3 and cut the resulting numbers. Starting from the 
number 4, count 13 by 13 and cut the resulting numbers. Now, against 
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6, the first unmarked number, insert 5, and counting from it 5 by 5, mark 
out the resulting numbers. In this way, apply the Sieve of Eratosthenes 
in this particular manner by inserting the primes in order except 13 which 
we have inserted already. Call the numbers which necessitate the inser- 
tion of a new prime against them, ‘ gap numbers’ or ‘ artificial primes’. 


From the table 1, 2, 4, 6, 10, 12, 18, 22, etc., are gap numbers. Again from 


the table, we see that, after 4, each gap number is greater than or equal to 
the prime inserted increased by one. If @ is a gap number after 4, and p 
is the prime inserted against it, then, since a —p >1, there is another 
number less than @ which will be marked by when counted backwards. 
That is, if a is divisible by # then there is another number less than a, which 
is also divisible by . But when the number is less than 17, there is only 
one number less than or equal to it, which is divisible by 13. On the other 
hand, if ” is greater than or equal to 17, for every prime » marked against 
the gap numbers, there are at least two numbers < u, which are marked 


by ~. Now if we suppose 1 represents x, 2 represents x + 1, etc., then we 


can find x such that x satisfies the congruences, taking the table to be a 
congruence, the modulii being the primes marked against gap numbers. 
Hence if 430 >m > 17, then among x, x + 1,---, * +m —1, there is no 


number which is prime to all the rest in the set. Thus the theorem is 
proved till m = 430. 


In this way, with the help of a prime number table, one can verify as 


far as the table goes. In the accompanying table, upto 430, we require 
primes upto 281 only. So we have got 22 primes (from 282 to 430) in 
reserve. It is easy to show that the number of gap numbers is infinite. 
As in the case of primes, we can ask all questions about groups of gap num- 
bers. Of course they are very difficult and artificial. If N(m) is the 
number of exceptional sets of length m in the interval (0, m!), the order 
of N (m) also raises many interesting but difficult questions. 
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Table for the verification of Theorem II as far asm = 430 


(Nole.—Only gap numbers are given) 





102. 73 
112 79 
83 
89 


97 
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On page 571 of Primzahlen, Prof. Landau says “....Bereits die erste, 
zuerst von Herrn von Mangoldt bewiesene, nicht triviale Abschatzung 


L (x) = 0 (x) 
besagt ein wichtiges zahlentheortisches Gesetz :— 

Esgibt bis x asymptotisch ebensoviele zahlen, welche aus einer geraden 
Anzahl von Primfaktoren zusammengesetzt sind, als solche, die aus einer 
ungeraden Anzahl von Primzahlen bestehen ”’. 

Let N,,, (x) denote the number of numbers not exceeding x, whose 
number of prime factors belong to the residue class ¢ modulus 7. Further 
let N’,,, (x) be the number of such square free numbers. Then the above 
theorem is equivalent to 

Nai (%) ~ Nojo (x) ~ %/2. 
Further Mangoldt proves that N’,, (x) ~ N’29 (x). In this paper these 
results are generalised for prime values of 7, namely, it is proved that 


Ny, ¢ (*) ~ x/t (¢ =0,1,---,p—1) 
, 6 x 
N’ 5,2 (x) ~ mp: 
In this connection Mobius function is generalised and a generalised form 
of zeta function is also introduced. 


When I communicated the result to Mr. S. Chowla, he pointed! out 
that my proof could be modified to prove the result in all cases. For the 


sake of completeness Mr. Chowla’s result is also given in the end of the 
paper as an appendix. 


In a paper entitled “Zur Theorie der quadratfrei zahlen,’’ published 
in Band 44, Heft 2 of Mathematische Zeitschrift (1938), Sigmund Selberg 
proves (2) without any restriction. Yet in view of the facts that my proof 





* A part of my Thesis for the degree of D.Sc. of the Madras University, submitted 
in December 1933. 


1 From the date of Chowla’s letter, I conclude, that I got these results in 1929. 
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differs entirely from his towards the end and Selberg does not consider 
N,,¢ (x), I believe that this paper is worth publication.’ 


II. Let us suppose that 
1) n =_= ernie . 
p(n) =the number of different prime factors of 1 ; 


t(n) =the total number of prime factors of , where each factor 
is counted according to its multiplicity ; 

vy (l) =1, 

p, (2) = 0, when x is not squarefree, 


u,(n) =7?), when n is squarefree ; 


My () ; 


z Hy (n) log 2 ; 


n=1 
— nt {n) : 
x 
= A,(n); 
n=1 
(— 1)”- ” log p, --- when n = p” 
= (0, when ” is not the power of a prime ; 


A, (m) ; and 


n/p’) - 1, when the real part of s > 1. 
Then 
‘ é (s) = A, (n) 
m Se". §# 
’ é (s) n= 1 ns 


1 Spy (n) 
and (14) E15) = a2 a 


III. In this paragraph we shall prove several lemmas. 


Lemma (i) 
ib, (x)~ — 9%. 





2 The rest of the paper stands as it was submitted for D.Sc. degree. 
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From ITI, (10), 
$, (x) = z A,(n) = X& (—1)*.- 7 log p, from (8) 
1 P® Sx 
=—y7 Z logp in x log p) 
I™ <S 


p< S Ft 


mD>2 
=—n 2 logp+O v(x) 
ex 
~ — 7X. 


Lemma (ii). 
x 


—H, (x) = 2 p,(m) > p, (x/n). 


we | 
Now, when the real part of s > 1, 
_ yh (nm) log _ 2, (s) 


né ~ £€,(s)? ~~ &, (s) 


A, (n) 


—yhrin) ) 5A i! from (13) and (14). 


n> 


~ Hy (nt) log. = Ey (@) « A, (nid) 
Hence 


= py (d) - A, (n/d) 
a=1 dln 


2/ 
x p,(n) & A, (m) 


os | m= 1 


‘. py (n) , (x/n) from (11). 
Lemma (iii) : 
Zp, (@) =(1 +00. 
dln 
Now 
=p, (d) =p, (1) =1 =(1 +7)° =(1 +9). 
djl 
Let 
nN = py + p22 --- po%, where > 2. 
In the above, there are 2¢ non-vanishing terms which correspond to the 
divisors 
d = p,Pi . pbs +++ phe, where B, s=Oior. 1. andis;— 1, 2; oo, p. 
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So we get one term equal to 1, when d = 1, 

(?) terms each equal to 7, when d = #,, 

(5) terms each equal to ?, when d is divisible by two primes, and so on. 
Hence 


2 p,(d) =1 +() a+) rte 


d/n 
Lemma (iv) 
If 


then 


From Lemma (iii) 


IK] =| 2 (1 tyeml< & 


n=1 


< 14 F |. +a) Wy), 
= 


where W, (x) denotes the number of numbers not exceeding x, which are 
composed of v different prime of factors. 


So se I.-x (log log x + D)’-1 
K}/<1+ 2 |(1 ee. Se 
IK] <i + E10 tart yet =a 
from (3-11) on page 269 of Ramanujan’s Collected Papers, where L, and D are 
positive constants. 
Hence 


K)<qi+Lji+y| F 2 Meekes +d) +P" 
' pal log x v—1 





—_ [| 1 + 7]- (log log x + D)}} 


zx 


% 
log x 


So the lemma is proved. 
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Lemma (v). 
If K denotes the same expression as in lemma (iv), then 


K =x - g, (x) + O (x). 
aln 


K ‘ 


Lemma (vi): 
8 (x) = 0 (log x). 


From lemmas (iv) and (v), 
x + 8, (x) + O (x) = 
So i + By (x) =0 (x - log x). 


Hence 
8, (x) = 0 (log x). 


Lemma (vii) : 
H, (x) =0 (x - log x). 

Let 5 be a given small positive number. Then from lemma (i) we can 
choose a A = Ag (8) such that when x > A andu< x 


x x 5x 
| (3) +05]  -e 
So for x > A, 
x/& x : x 
|H, (x) |< | Ete () te() [+] 2 
n> x/A 


ee | 


by (12) F i$, (x/n) 


xlA f Xx _ x/A Xx 
* TPs (n) UY (3) vor n |+ Rad Br (mae 5 


n>x/O 


a/& x J 
ete le (X/A)| + 2 | 4%, (A)| 


<eh & 


a=] n>x/lAO 


< 8xlogx +x|g, (x/A)| +x-| ¢, (A)| 
= 6x log x +0 (x log x) +O (x - A), from lemmas (i) and (vi). 


Now, 4 is an arbitrary constant and A is independent of x. Hence 


| H, (x) | =o (x. log x). 
A2 
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Lemma (viii) 
M, (x) =o (x). 


{H, (n) = H,. (" as 1)}/log n 


|, (n) | /m (log mt } + 0 GH, (2) /log x} 


(n log n)/n log? n\ + o(x), from lemma (vii) 


Lemma (ix) : 
A, (n) = & p, (n/d?) - nP* , 


a*sn 
When the real part of s > 1, 
5 Olea 3 at wu 
a BR +e eR 
i 
= (1 — 1)" =} + n/p (1 — nts) -2 
r( Zz) > + n/p*) (1 — n?/p*) } 


={IT (1 +/ps)}- I (1 — 9t/p%)-? 
e p 
fy Br (m) 2 Sy, nO) 

= zie x {2 Tj 


Equating the coefficients of m-* on both sides, we arrive at the lemma. 
Lemma (x): 


L, (x) =o (2). 


Z 2 py (n/d?)-»* 1, from lemma (ix) 


n=1 ain 


A) x 
Zz n* (m). 


in=1 


Vx 
Zt). M, (xin?) 


n=] 








Generalisation of a Theorem of Mangoldt 
Vx 
< 2 (|M, (x/n*) | 


& 0O(x/n*), from lemma (viii) 
n= 1 


= 0 («8 sa) = 0 (x). 


IV. Now we are in a position to prove our theorems. 


THEOREM I: When p is a prime number and t = 1, 2, +--+ orp, 


Ng, ¢ (*) ~ xIp 


Nos (x) =L, (x) =0 (x), from lemma (x), and 


(16) Nz, - (x) =X. 
Since p is a prime number, the equation 


L+x+--- +x@-1=0 
is irreducible. 


(17) So » cannot be the root of any lower degree equation when 7 is 
a prime. 

(18) Let B, + By +--- +By- 4-1 = 

(19) But 1+ neers + no-1 = 0. 
Multiply (19) by B, and from the result subtract (18). 
Then 

(20) (By, — By) + (Be — By)» +--+ + (By-1 — By) n?-* =0. 
Unless B, = B,= --- = By, (17) and (20) contradict each other. 
Hence, 

(21) if B, + Bey +--+ +Bene-1 = 
then B, = B, =-:-:: =B,. 


Now from (15) 
(22 Nop,1 (x) + Noe (x) + 7 + +++ + Ny, p (x) - 08-1? =0 (2) 
and from (16) 
(23) No,1 (*) + Noe (x) + °° +Ny, » (x) =. 
Hence from (21) to (23), the theorem follows. 
Similarly proceeding, we can prove 
THEOREM II: When p is a prime and t =1, 2, ---+ or p, then 
N’p, 2 (%) ~ 6 + x/p + we. 
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APPENDIX 


When I communicated this result to Mr. S. Chowla, he pointed out that 
a slight modification of my proof would remove the restriction that 7 is 


a prime number. For the sake of completeness, I give his generalisation 
also. 


=m 


Let == ne 1,2,---* —1) 
and where 2’, (n) = 7? (). 


Then the same proof given in the body of the paper leads to the result 
L,’,. (x) = @ (a). 
This means that 


.. z n'* Nz (x) = 0 (x). 


t=1 


D. n't -@-N, ; (x) =o (). 
t=1 


From this, by putting m equal to 1, 2, --- 7 — 1, in succession in D, we have , 
a", 1 (% ) +7*?-@N,, 2 (% ) +++++Ny,, q (%) > -+ 9’ N,,, (% x) = 0 (x 


) 
7- N, : (x) + 7t%a) N,. 2 (x) +---+N, , (x) +: °° + n*"-4) N,. »(3 we 0 he 
POT th te aN, a(8) be FN 6 2) boo bn ONy, () 


n’-1X1-aN,, (x) + ni” 2-a)N, (x) +++++N,{(%) +2+°+ fp aireitone, ) 
Nyy (#) =0 (x) 
Further, N,,:(x) + Nyo(%) +: +++ Nyglt) 2° +N, (x) =x. 
Adding the above by columns and making use of (C) we get that 
1 Nyq (2) =% +0 (2) 
So, N,, q (*%) =x/r +0 (x). 
Hence the result is generalised. 
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THE polynomial 7, (x), suggested by A. Angtlescu,’ is defined by 


my (a) = 6 © fe A, (@)] 


where 
A, (x) | (40, 1, Ag, ***, An, X, 1)”. 


In a recent paper Mr. B. S. Sastry? has shown, among other results, that the 
polynomial z,, (x) is the coefficient of //n! in the expansion of 


1 8 yi ) 


where ¢ (2) =a) + “ir ws +--+, te, that 


= . Ey i) = Fae n (2) 


a formula resembling 


which is the well-known generating function for the Laguerre polynomial 
Ly, (x). The object of this note is to investigate the following relations 
between the polynomials z,, (x) and Ly, (x): 


ECC) tet fre rto =F, etn fmt 


r=0 
and 0<p<n 


Ty (u +2) 3 6% (4) Le, (v) a ' ar, (t#) Lya-r-1(v) 
a 6 Se ee hl we ee 
The result (A) is of a reciprocal nature while the second result may be 
taken as the addition theorem for the polynomial z,, (x). 
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To prove the first result, we note that the relation (1), in consequence 
of (2), can be written in the form 


co t# co t# 


Fm) = 2 ta) (py): 


n=0 
Differentiating both sides of this p times with respect to x, we get 
co yt de ) t co in de \ 
= ae {% (x)} = 4 (-y=3) 2, ta 
which by virtue of (3) gives that 
co n co ” Pp 
FP! ” d 


t# co jt dt ) 
Ba n! | Pe (x) =, n| d,? |» (x) = Flot n i Ty (x) -. n| d,? a (x) j 
(4) 


If now we pick up the coefficients of * from either side of (4), we at 
once obtain the relation (A). 


To establish the second result, write «+ v for x in (1). We have 
then 


ut ca 4 


co n 1 


~ pe t  _ 
a nl 7 (u + v) ——e o( “— :) eé 


n=0 ‘ ~—§ 


co nu co 


jn 
(l—#) 2 n! (uy) 2 n\ Lin (v), 


n=0 ’ n=0 


where we have used (1) and (2). The result (B) follows by equating the 
coefficients of /* on either side. 
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USE OF MERCURIC ACETATE IN ORGANIC 
PREPARATIONS 


Part II. Some Experiments on its Use as an Oxidising Agent 
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(From the Department of Chemical Technology, Andhra University, Waltair) 


Reczived December 18, 1939 


BESIDES being used widely as a reagent for mercuration, mercuric acetate 
has been successfully employed as an oxidising agent.! Its action in this 
respect is said to be similar to that of chromic acid or permanganate and 
specially suited where a mild oxidising agent is required so that the oxida- 
tion may not proceed too far. It is obvious that an excess of the reagent 
and the sparingly soluble mercurous acetate which is one of the products 
of reaction, can both be removed easily. It has further been claimed that 
the sparingly soluble mercurous acetate can be collected and weighed and 
hence the progress of the reaction followed quantitatively. 


Balbiano and his collaborators? found that certain olefines, e.g., anethole, 
iso-safrole, methyl iso-eugenol, etc., which contain a propenyl group 


-CH : CH: CH, react with mercuric acetate in aqueous solution giving rise 
to glycols of the general formula -CHOH: CHOH: CH; with the addition of 
two.—OH groups at the double bond, the mercuric acetate being reduced to 
mercurous acetate. A similar observation has been made by Sanjiva Rao 
and Subrahmanyam? in regard to f-asarone. Safrole and methyl eugenol 
which contain an allyl group react with mercuric acetate forming a complex 
compound with the addition of a hydroxy group and an acetoxy mercury 
group at the double bond (-CH,- CHOH- CH,.HgOAc). 

Gadamer and his co-workers‘ have successfully employed mercuric 
acetate for isolating intermediate stages in the oxidation of alkaloids. Papa- 
verine on oxidation yielded papaverinol and papaveraldine and d-canadine 
was converted into berberine. Windaus et al.® have employed this reagent 
in connection with sterols and have been able to obtain dehydro-ergosterol 
from ergosterol and ergostatrienol—d from di-hydro-ergosterol. 

From the claims of the previous workers it seemed possible to follow 
the course of the oxidation reactions, using mercuric acetate, quantitatively 
by weighing the amount of mercurous acetate formed and it was thus hoped 
to obtain information regarding their mechanism. In order to test this, the 
best conditions suitable for the reaction and the behaviour of the reagent 
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in various solvents had to be studied in detail. Solutions in water, dilute 
acetic acid or in alcohol have been employed by previous workers. In all 
cases, it is necessary to add few drops of acetic acid in order to produce 
a clear solution and to prevent hydrolysis. The following sums up the 
behaviour of the common solvents. In the cold water, ethyl and methyl 
alcohols, dry or containing water, by themselves, produce no change. When 
boiled, however, there was considerable difference in their behaviour. Except- 
ing dry methyl alcohol, all the others produced appreciable amounts of 
mercurous acetate. Hence this was chosen as the most suitable solvent ; 
but it was soon realised that complications set in during the course of experi- 
ments on actual oxidations of well-known substances. Using benzoin and 
hydroquinone as typical examples, it was observed that mercurous acetate 
was prcduced far in excess of what could be expected from the quantities 
of benzil and quinone formed at the same time. It was therefore suspected 
that the solvent was taking a share in the reduction of mercuric acetate in 
the presence of the other more powerful reducing agents. That is, hydro- 
quinone or benzoin acts also as an inducing agent in enabling the oxidation 
of methyl alcohol with mercuric acetate to take place. This inference was 
remarkably supported by experiments carried out using small quantities of 
hydroquinone or benzoin as an inducing agent under two sets of conditions : 


(i) at the boiling point of the solvent; (ii) at ordinary temperature in 
the presence of sunlight. Considerable amounts of mercurous acetate were 
formed thereby showing definitely that the solvents can undergo oxidation 
to an appreciable extent in the presence of these inducing agents. Hence 
the yield of mercurous acetate cannot indicate correctly the progress of 
oxidation of a substance when mercuric acetate is employed. 


As a result of a number of experiments carried out in connection with 
the object mentioned above, convenient methods very suitable in the labo- 
ratory for the small-scale production of mercurcus acetate in a crystalline 
and pure condition and of quinhydrone, quinone and benzil have been worked 
out. A number of substances containing the secondary alcoholic group such 
as iso-propyl alcohol, diphenyl carbinol, ethyl tartrate, menthol, quinine and 
cinchonine and cholesterol reduce mercuric acetate and deposit in consider- 
able amounts the mercurous compound. This seems to be of general appli- 
cability for all compounds containing the CHOH group. In several cases, 
the products of oxidation could be identified ; iso-propyl alcohol, diphenyl 
carbinol and cinchonine yielded acetone, benzo-phenone and cinchoninone 
respectively, though the yields were unsatisfactory. In the other cases, the 
reactions seemed to be complex and no definite oxidation products could 
be obtained. 








S- eo h(C(UL¥Y 


me ty 


pe dos 1 ee oc rane 
EST CdR RRC ces 


Use of Mereuric Acetate in Organic Preparations—I1 25 


Experimental 


Effect of ordinary solvents on mercuric acetate.—In preparing solutions of 
mercuric acetate in water or alcohol, a few drops of glacial acetic acid were 
always added in order to prevent the hydrolysis of mercuric acetate. At 
the ordinary laboratory temperature, the solvents (water, ethyl alcohol, 
methyl alcohol, etc.) did not produce any appreciable amount of mercurous 
acetate when the solutions were kept in the dark for a few days. The results 
that were obtained regarding the action of the solvents on mercuric acetate 
both at the boiling point of the solvents and at the ordinary temperature 
exposed to sunlight in a quartz flask are tabulated below. Saturated 


TABLE I. Action of solvents on mercuric acetate at their boiling temperatures 











Sabvens Period of time Yield of mercurous 

employed acetate 
‘ 8. 

Water bs ~- a 24 hours 0-1* 
Rectified spirit ie ea 99 0-8 
Absolute alcohol - oe “ 0-3 

Anhydrous methyl alcohol | a Nil 

Dilute methyl alcohol (90%) _....| ae: 0-05 

| 








* The yield in the case of water is less probably due to the greater solubility of 
mercurous acetate in water than in alcohol. 


TABLE II. Action of very small quantities (about 1 m.g.) of inducing agents 
on anhydrous methyl alcoholic solution 








gan Inducing agent Period of Pie i 

sunlight employed time employed asctete 

g. 
Boiling ..| Benzoin A 10 hours 0-17 
we Hydroquinone.. = 0-50 
Exp. to sunlight ..| None ” 0-03 
9 Benzoin os Ps 0-45 

” Hydroquinone a 1-0 
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solutions using 5g. of mercuric acetate in various solvents were used in all 
the cases mentioned. 


Preparation of pure mercurous acetate and benzil.—2 g. of benzoin were 
dissolved in the minimum amount of anhydrous methyl alcohol and to it 
was added a solution of mercuric acetate (6 g. in the same solvent 100 c.c.). 
When allowed to stand at the room temperature, the reaction proceeded 
very slow. ‘The mixture was therefore heated under reflux, when a colour- 
less crystalline solid began to separate rapidly. At the end of every 6 hours, 
this solid was filtered and the filtrate again refluxed. ‘This process was 
repeated till no more of the crystalline solid separated (total time taken 
36 hours). The colourless crystalline precipitate obtained was collected 
together, washed with hot methyl alcohol and dried (yield 4 g., about 80% 
conversion of the mercuric acetate). It was sparingly soluble in water and 
alcohol and on heating began to char at 300°C. without previous melting. 
It dissolved easily in dilute nitric acid and this solution gave a curdy white 
precipitate with a drop of hydrochloric acid. It turned black in the 
presence of sodium hydroxide producing mercury. The percentage of 
mercury in this compound was estimated [Found: Hg, 76-8 per cent. ; 
Hg, (O CO CHs),. requires Hg, 77-2 per cent.]. The sample therefore 
was Nure mercurous acetate and the method is convenient for the prepara- 
tion of pure mercurous acetate from mercuric acetate in the laboratory. 


The filtrate from the mercurous acetate was coloured deep yellow. ‘The 
solvent was distilled off and the yellow residue was washed with hot water 
to remove the excess of mercuric acetate and unreacted benzoin and finally 
the product was recrystallised from methylated spirits. Vellow needle- 
shaped crystals of benzil melting at 95° were thus obtained in a yield of only 
40 per cent. (0-8g.). It formed a diphenyl hydrazone melting at 225°C. 
A mixed melting point of the substance with benzil established its identity. 


The above reaction was conducted more conveniently in hot aqueous 
medium, when benzil began to separate as a yellow liquid (its m.pt. being 
95°C.) along with mercurous acetate. While hot, the aqueous layer was 
decanted off. The yellow residue remaining behind was purified by extrac- 
tion with ether and recrystallisation from alcohol. The product was purer 
than in the previous case since unreacted benzoin was kept in solution in 
hot water ; but there was no improvement in the yield of benzil. 


Preparation of quinhydrone.—Hydroquinone (2g.) disso'ved in water 
(30 c.c.) was added to a similar solution of mercuric acetate (20 g. in 100 c.c.) 
and thoroughly shaken for a few minutes, when the colourless mixture began 
to turn brown. It was then repeatedly extracted with small amounts of 
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ether and the combined ether extract was evaporated. The residue sepa- 
rated as prisms with green metallic lustre (1-3 g.). The product was then 
purified by washing with small amounts of water, taking it up in ether and 
evaporating the ether solution. It melted at 171°C. and a mixed melting 
point determination with a pure sample of quinhydrone established its 
identity. ‘The mercurous acetate that was obtained as a result of reduction 
was then filtered from the aqueous layer and washed with a small amount 
of alcohol to remove any adhering quinhydrone. 


Preparation of quinone.—The above reaction was carried out by heating 
the mixture for half an hour at 80°C. on a water-bath and after cooling 
the mixture to the laboratory temperature, it was extracted with ether in 
small amounts repeatedly. The combined ether extracts. on evaporation 
gave a yellow crystalline material which after recrystallisation was found 
to be quinone (yield: 0-7g.) by its m.pt. (115° C.) and other properties. 
The aqueous layer contained in addition to mercurous acetate some 
globules of mercury. 


When the reaction was carried out at the ordinary temperature but 
in the presence of sunlight for 3 hours the product of oxidation was quinone, 
It could be easily obtained by ether extracting the final mixture (yield: 
0-5¢.). 

Summary 

Experiments have been conducted with a view to test if the progress of 
oxidation by mercuric acetate could be followed by weighing the amount of 
mercurous acetate precipitated from time totime. ‘This procedure has been 
found to be not feasible since complications set in owing to the solvent also 
undergoing oxidation induced by the presence of other substances. It has 
been found that most compounds containing -CHOH group produce mercu- 
rous acetate in methyl alcoholic solution and the oxidation products could 
be identified. Convenient methods for the preparation of benzil, quinhydrone, 
quinone and mercurous acetate in a pure condition in the laboratory are 
described. 
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1. Introduction and Experimental Details 


THE standard Hartley circuit is employed for producing piezo-electric oscilla- 
tions in an X-cut quartz crystal, the fundamental frequency of which is about 
1-6M.C. ‘The optical and other arrangements are of the usual type. A 
mercury pointolite lamp is used as the source and A 5460 is isolated by a 
Zeiss filter. A Philip’s Heterodyne wavemeter capable of measuring fre- 
quencies correct to 0-2 per cent. is used for measuring the frequency of the 
oscillator. 


In almost all the organic liquids and the essential oils studied, the 
velocities are measured at about 4-3, 7-2, 10-0 and 13-0 M.C. and their 
mean is taken. The temperature at which the measurements are made, 
is noted with a thermometer im situ. Densities of the samples used for 
measuring the velocities are determined with a density bottle immediately 
after the velocity determination is over. 


The liquids and essential oils used are manufactured either by Merck or 
Kahlbaum or Theodar Schuchardt. Almost all the liquids are redistilled 
and that portion which is collected at the appropriate boiling point is 
employed. Formalin and a few other liquids obtained from freshly opened 
bottles have not been distilled. In the case of the essential oils, the distil- 
late collected at the temperature appropriate to the boiling point of the chief 
constituent is employed in the investigation. 


2. Results 


Results of measurements with pure liquids are tabulated in Table I 
and those obtained with the essential oils in Table II. Compressibilities 
obtained by other workers by employing piezometric methods are compared 
with the results of the present investigation in Table IV. The sound velocity 
is measured for the first time by the authors using the ultrasonic method in 
all the liquids listed in this paper. 


28 





Ultrasonte Velocities and Adiabatic Compressibtilities 


TABLE I 


Ultrasonic Velocities and Adiabatic Compressibilities 





Liquid 


Chemical Formula 


Tempe- 
rat ure 


Density| 
| 





Benzyl! acetate 


Pheny! acetate 


Formalin (Aq. Soln.).. 


Paraldehyde 
Anisaldehyde 
Methyl iodide 

Ethyl] iodide 

Allyl iodide 
Dimethy] aniline 
Diethyl aniline 
Methyl-ethyl-ketone 
Nitromethane 
Benzonitrile 


m-Chlorotoluene 


| 
..| CoHs CH, -O-CO-CH; 
.., CH, -CO-OC,H; 


H-CHO 
(C2H,0); 
C,H, (OCH;)-CHO 


1 aa 
..| CoHgI 


CH, : CH -CH.I 


..| CoH *N(CHs)e 
..| CoH -N (CoH; )2 


CH3 -CO-C,H; 


eel CH; ‘NO, 
..| CeH,; -CN 


| CgH,Cl-CHs 


1-049 
1-074 
l- 














TABLE II 


Ultrasonic Velocities and Adiabatic Compressibilities 





Oil used 


Chief 
constitutent 


| Chemical 
formula 


| 


| Tempe- 
| rature 
| °C. 


Velo- 


Density| city 


m./s. 


Jom- 
pressi- 

bility 

x 106 





Eucalyptus oil 
Cajeputi oil 
Citronelle oil 
Camphor oil 
Coriandri oil 


Juniperi baccarum 
oil ‘ 





Cineol 
Citronellal 
Camphorol 


d-Linalol 


a-Pinene 


C,9H,,0 


9 














64-7 
63 +3 
60 +7 
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3. Discussion 


Pure Liquids.—The ultrasonic velocity is higher in the aromatic acetates 
(as may be seen from benzyl and phenyl acetates of Table I) than in the case 
of aliphatic acetates.' This result is in agreement with the general rule 
that the ultrasonic velocity is usually greater in aromatic than in aliphatic 
compounds. 

The following iodides listed in Table III show that with increasing 
carbon content, the ultrasonic velocity as well asthe adiabatic compressi- 
bility increase. At the same time the density decreases. 


TABLE III 





a Velocity in Compressi- 
Density m./s. bility x 106 


by > 
ee ‘emperature 
Liquid oF ‘ 





Methyl iodide ms | -261 860 60 -6 


Butyl iodide! a 28 -616 959 67 +3 








Ethyl iodide - 2: | 912 895 66-1 





One would expect the adiabatic compressibility to decrease with 
increasing ultrasonic velocity but in this series, the reverse takes place. 
This is due to the extraordinary control exercised by the density which 
decreases very rapidly. The relatively low sound velocity obtained in this 
series which appears to be a characteristic feature of all iodides may also be 
noted. 


It is interesting to note that the ultrasonic velocity is very high in formalin 
which is a 40 per cent. aqueous solution of formaldehyde. This is much 
higher than even the velocity obtained in the aromatic aldehydes.? This 
may be due to the well-known fact that formaldehyde does not exist as such 
in aqueous solutions. 


Essential Oils.—In the case of eucalyptus and cajeputi oils, the chief 
constituent being the same, the density, ultrasonic velocity and adiabatic 
compressibility are nearly the same as they ought to be. The small differ- 
ences are most probably due to small quantities of impurities that might 
have gone over into the distilled samples. 


Comparison with Compressibilities Obtained by Piezometric Methods.— 
The available data are collected together and compared in Table IV. 


1 Bergmann, Ultrasonics, (Bell & Sons), 1938, p. 126. 
2 Parthasarathy, Proc. Ind. Acad. Sci., 1936, 4, 213. 





Ultrasonic Velocities and Adiabatic Compressibilities 


TABLE IV 





Other workers Authors 





Liquid 
Temperature Compressi- Temperature | Compressibi- 
°C bility x 108 "eo bility x 106 





Benzy! acetate 5 , 50-3* 
Formalin ee 31: 45 -5* 
Paraldehyde Re : -8* 
Cajeputi oil eG . *8T 
Eucalyptus oil ide . -OT 
Citronelle oil ae 5° | “4T 


Coriandri oil T “7t 














* Philip, Proc. Ind. Acad. Sci., 1939, 9, 114. 
+ Dakshinamoorthy, Jbid., 1937, 5, 397. 


From Table IV it may be seen that the values of Philip and 
Dakshinamoorthy are somewhat higher than those of the authors. The 
discrepancies may be due to the fact that the methods employed by Philip 
and Dakshinamoorthy do not presumably give compressibility values which 
are strictly adiabatic. The temperatures at which the two sets of 
measurements have been made are also different. Moreover, in the case of 
the essential oils, Dakshinamoorthy used a vertical type of piezometer which 
gives high values due to the presence of dead space. These factors apparently 
provide the explanation for the relatively large values obtained by the earlier 
authors who used piezometric methods. 


4. Summary 


Ultrasonic velocities are reported for fourteen organic liquids and the 
chief constituents of six essential oils. All these substances are investigated 
here for the first time. From these data, the compressibilities are calculated 
and compared with the compressibilities obtained earlier in some cases by 
other methods. A brief discussion of the results is given. 


The authors wish to thank Prof. S. Bhagavantam for his kind encourage- 
ment during the course of this work. One of them (J.B.) is indebted to the 
Andhra University for the grant of a research fellowship. 
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IN a previous communication (Part II)! it was shown that a phenyl group 
attached directly to the carbon of the C =O as in the esters of aromatic 
acids and in aromatic ketones markedly lowers the frequency of the C = O 
bond whereas the same group attached to the oxygen of the COO as in phenyl 
esters definitely increases it. These phenomena were explained as due to 
the existence of resonance in the first group of compounds and in the second 
group as due to the reinforcement by the pheny! nucleus of the normal electro- 
meric polarisation of esters towards the C = O resulting in greater electron 
acces. That the explanation is correct and that the marked changes in the 
C =O frequencies are neither due to the bulk of the phenyl group nor due to 
the general inductive effect is confirmed by the study of the benzyl esters of 
various acids (I) and the esters of phenyl acetic acid (II) recorded in this 
paper. The new feature introduced in these compounds is the presence of 
a CH, group adjacent to the phenyl ring which prohibits the transmission of 
electromeric effects from it to the carbonyl group. 


oe, i, we 
= q¥ > < V4 CH, i 
| 
wiles (1) (11) 


Benzyl esters as a class do not seem to have received much attention in 
connection with the Raman Effect. Benzyl acetate? appears to be the only 
compound so far investigated and here too the results are not satisfactory 
since very few lines have been recorded and the Raman line corresponding 
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to the C =O bond has been missed. This substance has therefore been 
reinvestigated and the spectra of the benzyl esters of propionic, benzoic and 
cinnamic acids have been studied in detail. ‘The results have been compared 
with those relating to the corresponding phenyl and ethyl esters. Further, 
the spectra of the phenyl esters of propionic and phenyl acetic acid have 
been studied in detail and those of ethyl propionate and ethyl phenyl 
acetate reinvestigated. Particulars regarding experimental procedure are 
the same as recorded in Part II. Spectra of a few typical cases are 
reproduced at the end of the paper and the C = O frequencies are indicated 
by arrows. 


Preparation of the Esters.—Ethyl propionate and the ethyl ester of 
phenyl acetic acid were prepared by heating mixtures of the appropriate 
acid and alcohol along with a few c.c. of concentrated sulphuric acid. Phenyl 
propionate was obtained by heating dry phenol with sodium propionate and 
propionic anhydride at 160° in an oil-bath for 4 hours. For producing the 
phenyl ester of phenyl acetic acid the acid chloride was first obtained by the 
action of thionyl chloride and was made to react with dry phenol in the 
presence of pyridine. All the esters were repeatedly washed with aqueous 
sodium carbonate, dried and finally purified by distillation 1m vacuo. As 
for the other esters pure samples from Kahlbaum were available. They 


were however subjected to redistillation im vacuo before being employed for 
taking the Raman spectra. 
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TABLE I 


Esters of Acetic Acid. 





Benzyl acetate. 


Benzyl acetate. (Morris?), 


| Phenyl acetate!. | *Ethyl acetate. 





185 (1) 
239 (4) 
272 (4) 
364 (1) 


479 (1) 


633 (1) 





784 (3) 


ke olor bo » em Re OF 
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846 (10) 


916 (1) 
fi * i“ 938 (1) 
1002 (10) 1004 (10) 999 (1) 
1028 (4) 22 (: | 4027 (3) 1045 (2) 
1077 (3) 7 1079 (1) 1096 (1) 
1119 (3) a: me 1114 (3) 
1157 (3) at | 1163 (6) mi 
1181 (2) a 1195 (6) 
1213 (1) 
me ol * 1262 (1 
263 (2 * 262 
i 1311 (1 


1452 2 2) os 
1585 (2) ai 1596 (8 
1606 (8) 1602 (1) “ 
1745 (4) - 1766 (3) 1739 (6 b) 
2912 (3) 2880 (1) 
2940 (2) 2933 (2) 2940 (9 b) 
| 2982 (7 b) 


) 
) 
) 
) 
) 
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1452 (6 b) 


3 3046 (2) | a 
3070 (7) i 3070 (7) 
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TABLE II TABLE III 


Esters of Propionic Acid. Esters of Benzoic Acid. 





Benzyl Phenyl Ethyl Benzyl Phenyl Ethyl 
propionate. | propionate. | propionate*. | benzoate. benzoate!. | benzoate. 





~ 


186 (1) 
230 (2) 
268 (2) 


193 (3) 
214 (2) 


bo bo 
1 Go 


-~ 


326 (4) 
395 (1) 
488 (1) 
558 (1) 


io 4) 
CUD bo Hm © bo 


376 (9) 


Oth GW 
_ He ow 


619 (6) 
677 (4) 
783 (2) 
809 (2) 
852 (5) 

1004 (10) 

1029 (3) 


635 (9) 


784 (2) 
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846 (10) 
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i) 


938 (0) 
1000 (0) 
1045 (1) 
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¢ 1114 (2) 
1163 (3) 5 
1195 (3) 


mk bo ke bo bo bo ee bo ee bO Go Ot 


1602 (10) 
Sy 1720 (8) 
1598 (6) ae 

oy wa | 2935 (2) 
1760 (3) 5b) | 2975 . 2972 (2) 
2912 (1) 2 | 3067 ( 3076 (6) 


3072 (5) 

















* These esters were investigated by earlier workers but with a view to effect a more 
satisfactory comparison between the various results they were reinvestigated and the 
results given are those obtained by the authors. 
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TABLE IV TABLE V 
Esters of Cinnamic Acid. Esters of Phenyl Acetic Acid. 





Benzyl Phenyl Ethyl Phenyl Ethyl 
cinnamate. cinnamate. cinnamate!, ester. ester. 





274 (1 240 ( 242 (3) 
480 ( 475 (2) 
528 ( 527 (2) 
620 ( 619 (5) 
764 (3 b) 
842 (2) 
875 (2) 
1004 (10) 
1033 (6) 
1108 (0) 
1159 (3) 
1193 (3 b) 
1215 (2) 
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) 
) 
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) 
) 
) 
) 
) 
0 
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> 


1 
2 
2 
7 
1 
5 
1 
1 


3065 (1) 3067 (1) 


i in, lin, ln, lll, a, i, is i, Em, li, ln, Ly Li, Im, Gn, i Rin, i, GI, An, GIO A 




















Discussion of Results.—1. A comparison of the spectra of the esters of 
acetic and propionic acids indicates that there is a large general agreement 
between the phenyl and benzyl esters because of the existence in their mole- 
cules of a phenyl ring which is absent in the ethyl esters. As regards the 
carbonyl frequency, however, the resemblance between the ethyl and benzyl 
esters is very close, being much lower than that exhibited by the phenyl 
esters. 


2. The general resemblances between the spectra of the esters of phenyl 


acetic, benzoic and cinnamic acids are greater since there is at least one 
benzene ring in all of them besides other similar structural features. Here 
again the carbonyl frequencies of the ethyl and benzyl esters agree closely 
and differ from those of the pheny] esters. 


3. The Raman spectrum of ethyl propionate was studied by Kohlrausch, 
Koppel and Pongratz*® who recorded the C = O frequency as 173] + 9cm—! 
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Working on the same substance subsequently Paranjpe and Savanur* reported 
the C =O frequency as 1719 cm.-! which is much lower than the C =O 
frequency for benzyl propionate recorded by us and that of the ethyl esters of 
other aliphatic acids. Hence ethyl propionate was reinvestigated and the 
C =O frequency, 1740 cm.-?, now obtained falls into line with expectations. 


4. A comparison of the spectra of the esters of phenyl acetic acid with 
those of the corresponding esters of acetic, propionic and benzoic acids 
shows that the C = O frequencies in the esters of phenyl acetic acid agree 
closely with those given by the esters of acetic and propionic acids and are 
always higher than those of the esters of benzoic acid. 


TABLE VI 


C =O Frequencies. 














Benzyl ester. Phenyl ester. | Ethyl] ester. 
Ester of acetic acid Hs 1745 1766 1739 
, Propionic acid ws 1745 1760 1740 
, Phenyl acetic acid .. aii 1761 1736 
.,  Benzoic acid Sa 1719 1740 1720 
, Cinnamic acid os 1713 1742 1712 











The above Table VI in which the results are summarised as far as the 
C =O frequencies are concerned shows clearly that the separation of the 
phenyl group from the carbonyl by a CH, completely prevents the transmis- 
sion of the effect that was originally found to lower or enhance markedly 
the carbonyl frequency. The same feature can be noticed in the examples 
which are given in Table VII relating to other carbonyl compounds. 


TABLE VII 
C = O Frequencies. 





Acetophenone 1679 | Acetaldehyde ..| 1716 | Acetyl chloride ..| 1798 
Benzyl phenyl Pheny! acetal- Phenyl acetyl 
ketone ..| 1675 dehyde ..| 1718 | chloride 1797 





Benzaldehyde ..| 1700 | Benzoyl chloride 


~ 
ba | 
-] 
o 





Benzophenone 
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The results given in this series of papers indicate that the carbonyl 
group is readily susceptible to smail changes in the structure of the 
molecule. It could further be concluded that the bulk and general inductive 
effect of adjacent groups do not have any appreciable influence as compared 
with the electromeric effect since a benzyl group plays the same part as an 
ethyl or methyl group and differs markedly from -the phenyl group. The 
explanation obviously lies in the fact that the transmission of the 
electromeric effects from the benzene ring is prevented by the introduction 
of a CH, group. 

Summary 


Raman spectra of esters containing the benzyl group, (i) benzyl esters 
of various acids and (ii) esters of phenyl acetic acid derived from different 
alcohols, have been investigated. Data relating to other carbonyl compounds 
such as ketones, aldehydes and acid chlorides have been collected. In regard 
to its influence on the C = O frequency the benzyl group is found to resemble 
closely alkyl groups and to differ markedly from the phenyl. This confirms 
the views already expressed in Part II and establishes that the C = O group 
is influenced mainly by tke electromeric effect. The introduction cf an addi- 
ticaal CH, prevents the transmission of this efiect. 
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Introduction 


THE steady decrease of temperature with height which is the normal 
characteristic of the lower atmosphere, becomes small or ceases altogether 
at a height of about 11 km. in the temperate regions and at 16-18 km. in the 
tropics. Above this region of zero lapse-rate, called the tropopause, and 
up to a height of 25-30 km. (for which we have direct information), the 
temperature in the tropics increases upwards, rapidly at first and more 
slowly at higher levels. 


While the number of sounding balloon ascents giving direct information 
about temperatures is fairly large up to about 20 km. it falls off at a rapid 
rate with further increase in height. In view of the scattered nature of the 
publications in which the data are available and of the fact that the 
persistent and characteristic rise of temperature in the lower levels of the 
tropical stratosphere has not yet received generally accepted explanation, 
it was considered desirable to collect togethe- the available data 
regarding the temperatures at these heights and examine in a general way 
the explanations that have been put forward to account for the observed 
distribution of temperature. 


Data Used 


It was decided to include only these ascents which reached levels higher 
than 24 or 25 km. In the tropics, the data are mainly those of the Indian 
Meteorological Department. All ascents published in the departmental 
Upper Air Data! whose maximum heights were not less than 25 dynamic 
kilometres were picked out and their height-temperature curves plotted, 


separately for Agra (27° N.) and for Poona or Hyderabad (18° 32’ and 
17° 25’ N.). : 


Even in countries of temperate latitude where the number of sounding 
balloon stations and the frequency of soundings are comparatively large, the 
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number of ascents that go up to over 25 km. is not large. Two stations in 
Europe for which we have a comparable number of high soundings are 
Lindenberg? and Munich? in Germany. At the former station, there were 
11 ascents going up to 25 km. and more, between the years 1901 and 1933, 
and at the latter, 9 ascents between 1907 and 1934. Recently, Dr. Jaumotte 
of Belgium has secured a large number of high ascents at Uccle.* Between 
1933 and 1936 he was able to obtain about 16 ascents going above 25 dynamic 
kilometres. An examination of British® and American® data shows that 
there were only 6 British ascents during the years 1922 to 1936 in which 
the maximum height exceeded 24 km. and 16 American ascents Curing the 
period 1904-31 reaching beyond the same limit of height. All the Indian 
ascents (except two which were made in the early morning) were in the late 
afternoon at about 17 hrs. I.S.T.; many of them were at such an hour 
that the sun would have set by the time that the balloons had reached the 
tropopause. It may therefore be accepted that these records were little 
affected by insolation. Of the high English ascents, all except one were 
made after 17 hrs. G.M.T. The German ascents were generally made in the 
day hours ; so were all the Belgian ascents except two. The American ascents 
were also made in the daytime, generally in the afternoon. Although it is 
likely that the daytime ascents were affected by insolation, especially at the 
higher levels, comparison with the few available night ascents shows that the 
general nature of the temperature variation with height is not much affected 
although it is very probable that the actual temperatures were. The sys- 
tematic difference between the temperature variation with height in the 
stratosphere in the temperate and polar latitudes during summer and winter, 
although most of the ascents in both seasons were made in the daytime, 
also shows that the observed variations of temperature with height can be 
considered to be real. 


Before we discuss the distribution of temperature in and near the tropo- 
pause at different stations, it is desirable to give a small table showing the 
seasonal distribution of the high ascents in each place. Owing to the small- 
ness in the number of ascents, the year has been divided into only two parts, 
November to April, and May to October. 


General Character of the Disiribution of Temperature 





(1) India: Agra and Poona.—The composite height-temperature curves 
of Agra and Poona are shown in Figs. 1 and 2 and the mean curves in 
Fig. 3. 
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TABLE I 








| 





Number of high ascents 





Place Latitude | Nov. | May Whole Remarks 
| to to vent 
| April Oct. Bites 
ro | | 
Poona (India) al 184° 10 0 10 | Two ascents in the morning; 
| | | | rest after 17 hours. 
Agra (India) on) {| 12 4 | 16 16 to 18 hours 
Avalon Groesbek | ¢.32° | 0 i; | t Day ascents. 
(U.S.A.) | | 
F. Omaha ; R. Center| c.41° | l 11 | 12 | All daytime ascents. Four 
Huron (U.S.A.) | | ascents had abnormally 
| | high temperature near the 
| | | top, probably due to inso- 
| lation. 
Sealand ; Kew 5g° 5 8 6 | One ascent near mid-day, 
(England) | others in evening. 
Uccle (Belgium) ; 51° 2 14 16 | Two ascents at night; rest 
near middle of day. 
Miinchen (Germany) | 48° Pe 6 9 
Lindenberg (Germany)| 52° | ) 11 LE All daytime ascents. 
' 
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The most striking feature of the low latitude curves is the large and 
continued rise of temperature from 18 to 25 or more dynamic kilometres. 
The rate of rise is largest in the neighbourhood of 21 gkm. and is on the 
mean 4°-5° C. per gkm. ; it gradually falls to about 2°/gkm. at 25 gkm. Of 
the 15 ascents at Agra going up to 25 gkm. or more, 12 ascents were made 
in the period November to April and the remaining four between April and 
October. On some occasions in winter, the Agra curves show feeble lapse 
rates between 12 and 17 gkm. but even on those occasions, there is 
invariably a rise of temperature above 18 or 19 gkm. 


All the 10 ascents at Poona (including one at Hyderabad) were made 
in the period December to April. While the rise of temperature above 18 
or 19 gkm. is observed in all the ascents, the region of feeble lapse-rates 
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Mean temperature distribution at Agra and Poona compared to the distribution 
calculated by Gowan for lat. 25° assuming water vapour to be mixed 
up in the stratosphere. 
Summer — R.H. at tropopause = 100% 
. Winter — R.H. at tropopause = 100% 
. Summer — R.H. at tropopause = 40% 
. Winter —R.H. at tropopause = 40% 


3 
t 


immediately below the inversion is never so thick or conspicuous at this 
place as at Agra. The much smaller scatter of the temperatures at Poona 
below 14 gkm. as compared with that above 18 gkm. is also noteworthy. 
(2) U.S.A.—Of the 16 American ascents going up to 24 km. or more, 
one was in February and all the others between July and October (Fig. 4). 
In the United States, there were five places from which the ascents were 
made—Groesbek, Avalon, Fort Omaha, Royal Center and Huron—the first 
two being at latitudes of 31°-5 and 33°-3 N. and the other three at 40-42° N. 
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Three of the ascents from Omaha and one from Huron show extraordinarily 
high temperatures near the top of their range. If we neglect these four 
ascents and take the means of the temperatures at Groesbek and Avalon in 
one group, and those at the other three stations in a second group, we 
obtain the mean temperatures tabulated in Table II. The composite diagram 
as well as the figures in the table show. clearly that both at about 32° N. 
and 42° N., there is a continuous rise of temperature above 18 or 19 km., 
the rate of rise being slightly greater at the lower latitude. The American 
composite diagram shows that while the fall of temperature with height 
becomes small at 12 to 13 km. a rise of temperature with height commences 
in general at 18-19 km. 

(3 a) Europe: (England and Germany).—We shall first treat the ascents 
at the three places, viz., Lindenberg, Munich and Sealand or Kew (England). 
As Fig. 6 shows, the mean distribution of temperature over the three 
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places is very similar. Following an initial rise of temperature just above 
the tropopause and an unsteady, negligible lapse-rate upto about 17 or 18 
km. there is a progressive though small rise of temperature between 18 and 
24 or 25 km. Comparing the few ascents in winter with those in summer, 
there is hardly any rise of temperature in winter, while it is quite marked in 
summer. 

TABLE II 


Mean Temperatures and Lapse-rates 





| | 
Poona | Agra (all obser- | a aii =e a ree ny 
Height (Nov.—April) vations) | Agra (Summer) | Agra (Winter) 


gk. dT , «(at | dT dT 
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TABLE III—(Contd.) 


Mean Temperatures and Lapse-rates 





Height 
km. 


U.S.A. 


U.S.A. 


Munich 


Lindenberg 








Avaion and 
Groesbek 

ar 

dh 


Four stations 
near 41° N. 
dT 


n T dh 


(Germany ) 


dT 


T dh 


(Germany) 


dT 


n T th 


Sealand and 
Kew 
(England) 
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(3 b) Europe: Recent Belgian Ascents.—In a recent paper,’ Dr. Jaumotte, 
Director of the Royal Meteorological Institute at Tccle in Belgium, has dis- 
cussed the results of a number of sounding balloon ascents made at Uccle 
during 1933 to 1936, some of them going up to 30 km. ‘There were in all 
16 ascents going above 25 dyn. km. Jaumotte had found the systematic 
existence of an inversion of temperature in the stratosphere over Uccle— 
generally commencing at some level between 15 and 18 km. in the summer 
and autumn of 1933. He had attributed this to the pollution of the upper 
atmosphere by matter thrown up from a volcanic eruption in the Cordilleras 
in April 1932. 


Later work by Jaumotte himself in 1934, 1935 and 1936 showed that 
the stratospheric inversion appears every year systematically in spring and 
disappears in winter. ‘The increase is rapid in May, and maximum values of 
inversion are reached in June—July. 


Most of the Jaumotte’s ascents were made during the daytime, near 
about noon. ‘There were however a few night ascents—which showed the 
same phenomenon. 


General Summary of Facts 


The rise of temperature with height between 18 and 25 gkm. is a per- 
manent feature of the tropical stratosphere. In winter over Agra, the 
lapse-rate sometimes becomes small between 12-13 and 18 gkm., but this does 
not affect the rise of temperature above 18 km. In temperate latitudes, the 
region of weak lapse-rates begins at a lower level and is present throughout 
the year but even in these latitudes there is a persistent, though weaker 
tise of temperature with height above 18 or 20 gkm. in summer; in 
winter, this rise of temperature is generally not evident. In the polar 
regions where the temperature distribution has been recently studied by 
soundings by Rolf? at Abisko and I. G. Gutermann® in Franz Joseph Land, 
there is a large seasonal variation of temperature in the stratosphere, the 
months of maximum and minimum temperatures coinciding with those of 
maximum and minimum altitudes of the sun. In polar regions in summer, 
there is a rise of temperature with height between 12-13 and 19 km., while 
in winter, there is a gradual fall with height. 


In Fig. 7 are shown the mean temperatures at different levels in summer 
and winter over Munich (A = 48° 10’), Abisko (A = 68° 18’) and Franz 
Joseph Land (A = 81°). In all the three places, the nature of the temperature 
variation with height is similar in both the seasons, but the annual amplitude 
of temperature is a maximum near the pole and decreases with decrease of 
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latitude. It will also be noticed that in all the places the amplitude increases 
with increase of height in the stratosphere. 


Discussion 


The classical theory of the radiation equilibrium® of the stratosphere, 
which is associated with the names of Gold, Humphreys, Emden and others 
and which takes account only of the long-wave radiation and absorption 
having its origin either on the surface of the earth or in the water-vapour 
contained in the atmosphere, shows that above a level where the pressure is 
one-fourth the surface pressure, the absorption and emission will on the 
whole balance each other. But within this region of radiation equilibrium, 
the lower half will be slightly heated and the upper half cooled. The net 
effect of long-wave radiation and absorption will, therefore, be to produce 
a slow fall of temperature with height. If a part of the incoming solar 
tadiation is also absorbed by the water-vapour or some constituent of the 
atmosphere which has a similar distribution as water-vapour, then, given 
a suitable mean coefficient of absorption for solar radiation, it is possible 
to have a high boundary temperature in the stratosphere for low angles of 
the sun. But it does not appear that water-vapour has such a convenient 
coefficient of absorption for solar radiation. 

A4 
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The rise of temperature with height in the stratosphere over the tropics 
and sub-tropics and the large annual variation of temperature in the strato- 
sphere over the polar regions can be explained if an appreciable fraction of 
the short-wave radiation of the sun is absorbed at such low heights as 
20 km. ‘The recent measurements of G6tz, Meetham and Dobson, and of 
Regener showing that the centre of gravity of the ozone layer in the atmo- 
sphere may be as low as 20 or 22 km. lend support to the view that the pre- 
sence of ozone is responsible for the observed temperature distribution in 
the lower stratosphere. 


Recently, E. H. Gowan!® has examined the effect of ozone on the 
temperature of the upper atmosphere. Assuming that the centre of 
gravity of the ozone layer is at 22 km., Gowan has calculated the 
mean temperatures in different layers from 11 to 50 km. under several 
assumptions regarding the amounts of ozone and water-vapour and its 
distribution in the stratosphere. The assumptions as regards water-vapour 
include those of 100° humidity and 40°% humidity at the base of the strato- 
sphere and either diffusion in the stratosphere according to molecular 
weight or mixture with air so that the vapour pressure is proportional to 
total pressure. Under permanent night conditions, the calculations show 
only a small rise of temperature from 20-25 km. to 40 km. and a small 
fall thereafter, but under day conditions, a large rise of temperature 
from 15-20 km. to 40-45 km. is shown, the amount of rise depending on 
the assumptions as regards ozone and water vapour content and their 
distribution. The observations over Agra agree fairly well with the 
calculations made on assumptions that at the tropopause the atmo- 
sphere is saturated with water-vapour and that the vapour is mixed up with 
the air in the stratosphere in the proportion in which it is present at the 
tropopause (see Fig. 3). 


Penndorf has calculated the rate of rise of temperature in different 
layers due to absorption of solar radiation and absorption and radiation of 
long-wave radiation. He says: ‘‘ Comparing the effect of long- and short- 
wave radiation, we find that the net loss of heat by nocturnal radiation is 
balanced* by the net gain of heat absorbed from the solar energy, and that 
the energy gained is at least 10 times more than that lost. In summer the 
difference is about 60 times. 


* By ‘ balanced,’ the author apparently means ‘ compensated’ or‘ more than com- 
, 
pensated °. 
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The resulting effect of this heat reservoir must be that the temperature 
of the stratosphere cannot remain constant with increasing height. The 
ozone layer gives rise to a marked increase in temperature. Moreover, the 
height of the maximum is in fairly good accordance with other geophysical 
effects which demand high temperatures in the level of about 50 km.” 


From the available evidence, it is very probable that the rise of tem- 
perature above 18 km. observed in the tropics is due to ozone. Jaumotte 
expresses a similar view with regard to the rise of temperature observed by 
him over Brussels in spring and summer. ‘The greater rate of rise over the 
trepics than over temperate latitudes is probably due to the fact that the 
temperature of the tropopause in low latitudes has been lowered much below 
the radiation equilibrium temperature due to the effect of convection from 
below. The fact that the height of the tropopause increases owing to 
increased convection is shown by the occurrence of the maximum height 
of the tropopause over Agra during the monsoon. But, as pointed out by 
Ramanathan in his paper on Agra soundings, when we plot the height 
of the tropopause against its temperature, the height does not increase 
appreciably when the temperature falls below 200 A. 


There is apparently a strong force resisting the raising of the top of the 
troposphere. 


There are in general two levels where changes of lapse-rate occur ; one 
where mixing up practically ceases and approximate radiation equilibrium 
due to water-vapour commences, and another where rise of temperature due 
to absorption of solar radiation by ozone begins. In the tropics, the two 
practically coincide and in the temperate regions they separate out, one 
getting lower and lower and the other remaining steady or slowly rising. 


My thanks are due to Dr. K. R. Ramanathan for his kind interest in 
the work and to the Director-General of Observatories, Poona, for 


allowing me the use of the library facilities of the India Meteorological 
Department. 
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1. Introduction 


THE physical properties of formamide are in many respects similar to those 
of water ; but, though the Raman effect investigations on water are legion, 
formamide appears to be very insufficiently studied in the Raman effect 
and infra-red. Besides being solvents, both substances possess a high 
dielectric constant, a unique dissociating power (Walden), and a high degree 
of association (Ramsay and Shields). It is well known that ice is tetra- 
co-ordinated H,O. The high melting and boiling points of amides have long 
been recognised as evidence of a high degree of association. According to 
Turner (1910) and Getman (1936) the associaticn factor is 6 and it decreases 
rapidly with temperature. Smith (1931) measured the parachor values 
between 18° and 50°C. and found that they increase steadily with the rise 
of temperature, being 109-6 at 18°C. and 111 at 50°C., the calculated 
value of the parach.r for a single molecule being 111-8. ‘Lo explain the 
association factor of 6, Walden put forward a molecular model of a six- 


OH 
membered ring of cf groups, but the parachor measurements do not 
\ NH, 
support the idea. Herzberg and Ko6loch (1933) using ultra-violet excitation 
have reported that the vapour of formamide shows no absorption charac- 
teristic of N —H or C =O. Copley, Zellhoefer and Marvel (1938) from the 
extremely low solubility of mono-fluoro-dichloromethane in formamide have 
suggested the formation of large polymers which may have a linear structure 
or a fused dimer type of structure. Buswell and Rodebush (1938) frem the 
infra-red study of amides come to the conclusion that amides show a strong 
tendency towards association. According to these authors unsubstituted 
amides do not form dimers, but if they do they have no tendency to enolise. 
But certain reactions of amides, e.g., alkylation, indicate that amides may 
OH O 


| \ 
have tautomeric structures R—C =NH and R—C—NH,. Kumler and 
OC;H, 
| 
Porter (1934) have measured the dipole moment of CH,—C =NH and 


93 
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have shown that the value deduced for the enolic form of acetamide 
OH 


i 

CH,—C=NH is much smaller than that observed fer acetamide, thus 
showing that the proportion of tautomer molecules of acetamide should be 
very small. The structure of amides is still an open question. The present 
paper aims at a study of the association in formamide by means of the 
Raman effect. With this view the Raman spectrum of formamide was 
studied at various dilutions and temperatures and a polarisation study of 
the Raman lines was also made. 


2. Results 


The Raman spectrum of pure formamide was obtained by the author 
by (1) using both excitations and (2) by cutting off 4358 excitation with 
a filter of iodine in carbon tetrachloride and of its solutions in water, by 
cutting off the 4046 excitation with a sodium nitrite filter. The effect of 
temperature was studied by using both excitations. All the observations 
were made on a Fuess glass spectrograph but to test the presence of low 
frequency lines some exposures were also made on a Hilger two-prism glass 
spectrograph. The polarisation of the Raman lines was studied in the 
usual way by passing the scattered beam through a double-image prism. 
The results are tabulated in the following table, the state of polarisation 
of the lines is indicated by letters P and D—P polarised, D depolarised. 


The Raman spectrum of formamide has been previously investigated 
by Kohlrausch and Pongratz (1934) and Thatte and Joglekar (1935). ‘The 
results of the latter are very incomplete and are therefore not included in 
the table. ‘The frequencies reported by Kohlrausch and Pongratz are given 
in column (1). The line 1005 (4) recorded by these workers is in fact 
k 2772 because it is, not obtained when sodium nitrite is used as_ filter, 
and with 4046 excitation the frequencies at 2695 (diff.) and 2766 are dis- 
tinctly recorded. In a very recent publication (July 1939) Rietz and 
Wagner have confirmed the earlier work of Kohlrausch and Pongratz with 
the addition of two new lines at 507 and 691 and a band extending from 
3122 to 3460. The author has been unable to report the line 507 because 
with 4358 excitation the line does not come out, and with 4046 excitation 
the line & — 507 is most likely p > 3176 (p = 27353 cm.-}). 
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3. Discussion of Frequencies 


The structure of formamige can be represented by the formula 


O 
H—c7 . It can also be considered as an aldehyde NH,-CHO. 
NH, 
Kohlrausch has shown that the frequency 1390 appears in nearly all the 
aldehydes with the exception of formaldehyde H-CHO, and Kohlrausch 
regards this line as a HCO deformation frequency. This line appears in 
formamide NH,- CHO and also in formic acid OH-CHO as a sharp line with 
nearly unchanged frequency. The line 2886 in formamide is the C-H 
frequency, the C-H frequency in formic acid being 2962. As the masses 
of NH, and OH groups are nearly the same and further as the C-N and 
C — O force constants are also nearly the same, the lowering of the C-H fre- 
quency in formamide may not be due to constitutive influences alone but 
also due to association. The lines 2766 and 2695 may be considered as 
independent C-H frequencies or as overtones and combinations thus: 
2766 ~ 2 x 1390, 2695 = 1390 + 1309. 

The question is difficult to decide because both the C-H frequency and the 
overtones are and should be polarised. Formic acid [Edsall (1935)] also 
gives two similar lines 2778 and 2592, the latter being very weak. Con- 
sidering NH, as one group the molecule will have six vibration frequencies ; 
of these five planar ones are polarised, and the one perpendicular to the 
plane is depolarised. Of these two polarised vibrations 1390 and 2886 have 
already been considered. The remaining polarised vibrations include the 

=O frequency occurring at 1672 and other vibrations 1342 and 603. 
It appears probable that 1342 is a monomer frequency because it gets 
stronger as dilution progresses. The depolarised vibration occurs at 1050. 
The same frequency also occurs in formic acid and is also depolarised. ‘The 
group NH, will have three N-H frequencies, two of the valence type and the 
other a deformation. ‘The N-H frequencies fall in the region 3330 and one 
of the valence frequencies may be identified with the line 3338 ; the 6 (N-H) 
falls in the region 1600. Both these lines should be polarised. The weak 
intensity and diffuse nature of the polarised line 1600 suggests that it is 
a § (N-H) oscillation. There are still several lines left unexplained : 3265, 
3176, 1309, 1090, 780, 700, 200. ‘The lowering of N-H frequency to 3265, 
3176 may be due to association, and similarly the low frequency band at 
200 may be due to formation of polymers. ‘The formation of polymers is 
also suggested by the fact that all the lines excepting 1051 and 200 are 
polarised. All the amides show this lowering in their C =O and N-H 
frequencies, 
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| | | 
Formamide oe .-| 1600 1672411 | 3176 | 3265 | 3338 
| (4) (1) 
3150 3286 
= a 
Propionamide .. ae 6 1664 +13 | 3173 


Acetamide ee on 1660+ 9 


ee 
Butarimide ... - 35 1673 | 3167 | 3262 


(2) | 











Acetamide and propionamide have been examined by Ananthakrishnan 
(1937) in the solid state and by Kohlrausch and Pongratz (1934) in the 
molten state, Butarimide has been examined by Rietz and Wagner (July 
1939). As the N-H and C =O frequencies are not appreciably different 
in different amides, it follows that association in all these amides is of the 
same type. According to Rodebush and Buswell, propionamide shows three 
infra-red bands fer the N-H region—one at 3-15 (3175 cm.-'), which is 
considerably influenced by dilution and two others which occur at 2-834 
(3533) and 2-92 (3424). The last two are considered by these authors 
as the valence N-H frequencies. 


4. Width of the N-H Band 


Cross, Burnham and [Leighton (1937) have explained the width of 
water bands on the basis of various co-ordinations present in the water 
molecule on account of hydrogen bonding. The effect of hydrogen bonding 
is a sort of perturbation and this leads to a sequence of frequencies different 
from the original valence frequencies of the H,O mclecule. The Raman 
and the infra-red bands are merely the envelopes of these frequencies. The 
NH, group presents six pcssibilities of co-ordination if we assume that the 
nitrogen of one molecule forms a hydrogen bond with the C-H group of 
another; such association linkages have been considered by Zellhoefer, 
Copley and Marvel (1938). These are: 


H H-+-O H 
w nt ni 
‘Ne a Meine 


Py 


. H 
See 
_ H-++O 


P,’ P2’ ' 


v, and v,, the valence N-H frequencies, may be taken as 3424 and 3338 
respectively ; the former comes out strongly in the infra-red and the latter 
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strongly in the Raman effect. Regarding these two frequencies as a result 
of coupling of two N-H oscillators of frequency v» so that vz = vg+ € and 
Ve = Vo €, we have « = 43, vy= 3381. Further, if 5 represents the dimi- 
nution in frequency due to the linking of nitrogen to the hydrogen atom 
of another molecule and A the diminution in frequency due to the linking 
of the hydrogen of the NH, group to the oxygen of another molecule, one 
gets, considering the line 3173 as the N-H frequency corresponding to 
complete co-ordination, A = 120, 5 = 45. 





Ve 








3395 (+2) 





%— 3+ = % ~A—-8+ + 3340 (-2) | 
v, frequencies are Raman-active for classes P, to P,’ and for classes P; and 
P,’ both v, and v, are Raman-active. It is seen that N-H frequencies 
extend out into a band of nearly equal intensity extending from 3173 to 
3395. The calculated intensities of the lines or bands are shown in brackets. 
The observed band extends from 3173 to 3480 with three maxima at 3176, 
3265 and 3338. The observed intensity of these maxima shows that mole- 
cules exist largely in the state P,’, some in the monomer state P,, while 
a much smaller number exists in the dimer state P 3. This conclusion is 
borne out by the polarisation results according to which almost all the lines 
are partially polarised. Further, as already stated, the presence of the 


monomer molecule is exhibited by the line 3338 and by the depolarised line 
LOD1L. 





5. Effect of Temperature 


The effect of temperature on the frequencies is not marked. Pictures 
were taken at several temperatures but at 144° a noticeable change was 
ecorded in the line 1309 which shifted to 1302. The C =O frequency 
-hows no change in the frequency and in its outward appearance. ‘This 
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indicates that molecules are still polymers, but it is significant that the 
change in frequency in the line 1309 brought about by the increase of tempe- 
rature is opposite to the change produced by dilution. It may be that more 
significant changes may be expected at higher temperatures but at about 
200°C. the pure substance became yellow and highly fluorescent. Probably 
it is highly photo-sensitive at this temperature. 


6. Effect of Dilution 
‘There are marked changes on dilution : 


The line 1309 of pure substance shifts to 1326 at 25% dilution and 
becomes sharper. 


The sharp line 1341 which is very weak in the spectrum of the pure 
substance becomes stronger as dilution progresses. 


The line 1672 is broad with a sharp edge towards the exciting line 
and has an intensity maximum at the edge. At 25% dilution, 
the intensity maximum has shifted towards the side of longer wave- 


length and there is a shift of about 10 cm.’ The line becomes 
sharper on dilution. 


The line 1599 which is diffuse for pure substance becomes sharper. 
The sharp line 1390 shows a shift of about 6cm.-! at 25% dilution. 


Getman (1936) has reported that solutions of formamide in water behave 
as if both the liquids have become less associated. ‘The sharpening of 
most of the lines on dilution lends support to this view. The line 1309 is 
very much influenced by the effect of temperature and dilution, but the 
line 1051 and 1090 are unaffected. The lines 1090, 1309, 1599 and 1672, 
2886 are all broad, perhaps the breadth of the lines is due to association. 
It also appears significant that the lines 1090, 1309, 1672 have fainter com- 
panions 1051, 1342 and 1599. By analogy with formic acid where we have 
two C = O frequencies 1728 and 1672, 1728 representing monomer molecules, 
and 1672 dimer molecules, Reitz and Wagner (1939) conclude that 1672 in 
formamide represents monomers and 1599 represents dimers. But the 
analogy does not hold good because in formic acid 1728 is depolarised, and 
1672 polarised, whereas in formamide both lines 1672 and 1599 are polarised. 
If we regard 1599 as a 6 (N-H) frequency, then the sharpening of the line 
on dilution can be understood because the N-H frequencies take part in 
association. According to Kohlrausch the line 1600 represents molecules 


OH 
of type RCL . It is very difficult to say whether molecules with 
\H 





60 Bishambhar Dayal Saksena 


alternative structures of type 


0 OH 
nmol v4 


and R—C 
“ene “Woes 


co-exist. The occurrence in pairs of the lines 1091, 1309 and 1672 may or 
may not be due to this cause. However polarisation and other results 


show definitely that the molecules in formamide exist largely as polymers 
and to some extent as monomers. 


In conclusion, the author thanks Professor Sir C. V. Raman for his kind 
interest in the work. 
7. Summary 


The Raman spectrum of formamide has been investigated in the pure 
state and at various dilutions and temperatures. A polarisation study of 
the Raman lines has also been made. Several new lines 200, 780, 1342, 
2008, 2083, 2695, 3176, 3265 have been observed for the pure substance. 
At 144°, the line 1309 of the pure substance shifts to 1302, and this is the 
only change observed with the increase of temperature. Marked changes 
in the lines are observed on dilution (1) the line 1309 shifts to 1326 at 25% 
dilution and becomes sharper; (2) the sharp line 1341 becomes stronger ; 
(3) the line 1599 becomes sharper ; (4) the line 1672 which is broad with 
a sharp edge having maximum intensity towards the exciting line becomes 
sharper and more symmetric, and shows a shift of about 10cm.-'; and 
(5) the sharp line 1390 shows a shift of about 6cm.-! at 25% dilution. 
The polarisation results show that all the lines are polarised excepting 200 
and 1051. The frequencies have been classified as six frequencies of the 


O 
group n—c7 taking NH, as one group. Further, following the 
\NH, 

explanation of Cross, Burnham and Leighton for the width of water bands, 
it has been shown that N-H frequencies should spread into a band on 
account of the six possibilities of co-ordination existing for the NH, group. 
The N-H band extends from 3176 to 3480 with three intensity maxima at 
3176, 3265, 3338. The line 3176 represents polymer molecules with maxi- 
mum co-ordination and the line 3338 monomer molecules. These ideas are 
supported by polarisation results because the line 3338 and the depolarised 
line 1051 represent monomer molecules. As nearly all the lines are partially 
polarised, it follows that the molecules are largely polymers with some small 
percentage of monomers as well. 








Bishambhar Dayal Saksena Proc. Ind. Acad. Sci.. A, vol. X7, Pl. 11 


AT RA PNG es POET AG 





(a 


SEL AD SRA ROMA PN 








AA ip sedenzs 


eT Pee 


ae 
bist 








Raman spectra of formamide 


(a) of pure substance with 4046 excitation only; (D) of pure substance at 25°C. with 
both excitations; (c) of pure substance at 144° C. with both excitations ;(d) of 50% solution 
in water using NaNO. filter; (¢) of 25% solution in water with NaNObz» filter; (/) state 
of polarisation of Raman lines in pure substance. 
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1. Introduction 


Mucu of the experimental work so far done in the subject of Raman effect 
relates to either the liquid or gaseous states of matter or crystals in the form 
of powders. It is easily seen that the scattering unit cannot be regarded 
as having a definite orientation in any of these cases. On the contrary, 
in most of the above cases, the opposite extreme is reached as we are obliged 
to postulate a completely random orientation in order to interpret the 
observed results as average effects. This defect can only be remedied by 
using a suitably cut single crystal and studying the nature of the scattered 
light for different orientations of the crystal. Corresponding to each possible 
orientation of the crystal, the state of polarisation of the incident light may 
also be varied and such studies will undoubtedly reveal a wealth of informa- 
tion which was hitherto missed. The importance of obtaining such results 
has been stressed elsewhere.! The work that has so far been done on these 
lines is however very meagre. Reference may be made to Scheefer, Matossi and 
Aderhold,? Miss Osborne,? Cabannes and Canals* and Michalke.® All these 
authors obtained some results with calcite but unpolarised incident light was 
generally used. Only Miss Osborne employed linearly polarised as well as 
unpolarised incident light and studied the case of calcite in great detail. 
The agreement between the results obtained by the various authors is not 
very satisfactory. These features have been briefly reviewed by Nedungadi® 
in a recent publication. Nedungadi has also pointed out that the nitrates 
and carbonates form very favourable material for such studies and he himself 
has described in great detail the results obtained with NaNO, crystals. In 
the present investigation, the Raman spectrum of calcite which resembles 
that of NaNO, in many respects has been similarly studied.* The resem- 
blance between the two cases is in fact so close that it very often becomes 
unnecessary to distinguish between them. The Raman spectra of these two 
crystals, without reference to directional excitation, have recently been 
studied in this laboratory by Sundara Rama Rao’ and a reference to this 





* A preliminary note (Curr. Sci., 1939, 8, 507) by the author contains some of the 
results of this paper. 
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paper will facilitate proper appreciation of the results which will be described 
in the following sections. 


2. Experimental Arrangements 


A one-inch cube of calcite cut in such a manner that the optic axis is 
parallel to one of its edges is used for obtaining the Raman spectra reproduced 
in Plate III. All the faces of the cube are polished. We shall designate the 
direction of incident light by OX and the direction of scattered light by OY. 
The three edges of the crystal are always along OX, OY and OZ. This 
notation as well as the notation that will be employed in the rest of the paper 
and the description of the figures in Plate III are deliberately so chosen that 
they conform closely to the descriptions already used by Nedungadi in order 
to avoid confusion. In the experimental arrangements, suitable apertures 
designed to minimise parasitic light are provided at appropriate places. 
Light from a quartz mercury lamp is focussed on the crystal by a large glass 
condenser involving a semi-angle of convergence of about 10°. It is found 
impracticable to eliminate the convergence altogether and this should at 
present be regarded as an inevitable defect of the experimental arrangements. 
A suitably oriented Polaroid disc is used for securing the desired state of 
polarisation for the incident light. The scattered light is separated into the 
horizontal and vertical components by means of a double-image prism and 
the two components are simultaneously photographed on Golden Iso-Zenith 
plates using a high light gathering power 2-prism glass spectrograph. 
\ 4358 is the exciting radiation. In all cases, graded intensity marks are 
given by the method of varying slit widths and wherever necessary, figures 
relating to the intensities are obtained from the density-log intensity curves. 
In other cases, where such an accurate study is not called for, either because 
the lines under comparison possess very widely different intensities or because 
the intensities are so small as to fall within the limits of convergence errors, 
only visual estimates are given. These figures are collected together in 
Table I. An arbitrary intensity of 100 is assigned to the strongest line in 
each plate and the intensities of all other lines are expressed in relation to 
this figure. The observed polarisation ratios are corrected for the errors 
introduced by oblique refraction at the surfaces of the prisms. 


3. Results 


Nedungadi has shown that 27 different spectrograms may be obtained 
for the case of transverse scattering with uniaxial crystals but it may easily 
be seen that 12 of these are the most important ones. These have been 
given as Figs. 4, 5 and 6 in his paper and correspond in the same order to 
Figs. 1, 2 and 3 of this paper. As has been done by Nedungadi, the directions 
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of the vibrations in the incident light (I.L.) as also those in the scattered 
light (S.L.) are indicated in the figures. Vibrations along OX and OY are 
represented by arrows parallel to these axes, whereas a circle with a central 
dot indicates that the vibrations are along OZ. The orientation of the CO, 
ion and therefore the crystal as a whole adopted in each case is also indicated 
by the side of the corresponding set of pictures. Results of visual estimate 
and quantitative measurement are contained in Table I. This corresponds 
to Table III of Nedungadi’s paper. 


A very satisfactory agreement between the general run of figures, in 
Table I and the results obtained by Nedungadi may be noticed. The 
following main conclusions may now be drawn from the results in Table I 
and the pictures reproduced in Plate ITI. 

On comparing Figs. 1, 2 and 3, taking a and b components together in 
each case, it will be seen that the 1084 line is very weak in Fig. 3 while it is 
quite strong in Figs. 1 and 2. In all these cases, the incident light is 
polarised in the same way but the orientation of the crystal is different. This 
implies that the change of polarisability of the CO; ion due to its total sym- 
metric oscillation is much smaller when the incident light vector is perpendi- 
cular to the plane of the ion than when it is parallel to it. The lines of 
frequency shifts 709 and 1434 due to the two degenerate internal oscillations of 
the CO, ion also appear to behave in a similar manner but the differences are 
less prominent. Similar results have been obtained by Nedungadi with NaNOg. 

On comparing a and 6 taken together of Fig. 2 with c and d of the same 
figure taken together, it is seen that while the low frequency lines are weak 
and the internal oscillations are strong in the former case, the reverse is the 
situation in the latter. Similar results have been obtained by Nedungadi 
with NaNO;. It may be concluded from this result as has been done by 
Nedungadi that the behaviour of the two kinds of oscillations, namely the 
low frequency ones on the one hand and the internal oscillations on the other, 
is reciprocal in character and that the periodic changes of polarisation 
responsible for the former arise in a manner fundamentally different from 
that operative in the case of the latter. 


The behaviour of the 155 and 282 lines is closely analogous. A reversal 
of relative intensities amongst these two lattice oscillations noticed by 
Nedungadi in NaNO, for a particular orientation (Fig. 6c of his paper) is not 
confirmed by the author in CaCO, as may be seen from Fig. 3c which is the 
corresponding figure in this paper. 

The first overtone of a Raman inactive frequency (879) is recorded at 
1749 in two cases and it may be noted that in both these cases, its behaviour 
is similar to that of the total symmetric oscillation at 1084 (see Table I). 

AS BE 
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Figs. 1 (a and 5) and 2 (@ and 6) show that the polarisation characters 
of the two low frequency lines are similar to those exhibited by the degenerate 
internal frequencies at 709 and 1434 and opposite of those exhibited by the 
total symmetric oscillation at 1084. In Fig. 3 (c and d) the reciprocal 
behaviour of the low frequency lines on the one hand and the 1084 line on the 
other persists but the internal degenerate frequencies in this case appear to 
resemble 1084 and not the low frequency lines. Some of these results are not 
in conformity with those obtained by Nedungadi in NaNO3. 


4. Comparison of the Results with Earlier Observations 


It has already been pointed out that Miss Osborne had obtained some 
results with calcite utilising plane polarised incident light. These results 
which refer to the state of polarisation of the Raman lines are compared below 
in Table II with the values obtained in the present investigation. Exces- 
sively large values are denoted by co and excessively small ones by 0. The 
serial number in Table II corresponds to that given in Table I and determines 
the crystal orientation. O stands for Miss Osborne and B for the author. 
f denotes that the line fails to appear. 


TABLE II 





| p for 709 p for 1084 





Serial number 
| O B Oo B 





>i 





1 
1 
1 
f 
>1 
+t 


>i 




















5. Discussion of Results 


Crystal Structure and Normal Oscillations.—In order to interpret the 
foregoing results satisfactorily, it is necessary that a reference should be 
made to the complete analysis of the normal oscillations of the calcite and 
NaNO; lattices carried out by the author in an earlier paper.1. The char- 
acter table given below contains all the important features and applies to 
both CaCO, and NaNO. 
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The surviving tensor components are deduced by the application of the 
usual selection rules, the details of which will be omitted here. The trigonal 
axis is taken as the z-direction while the x and y axes lie in the plane of 
symmetry. These axes are fixed in the crystal and must be distinguished 
from the system fixed in space and described earlier. It may be remarked 
here that only one Raman-active normal oscillation (1084) comes under the 
total symmetric class and this is characterised by the fact that the diagonal 
terms of the polarisability tensor alone survive. The only other class under 
which Raman-active oscillations appear is E,. Under this category, there 
are two lattice oscillations (155 and 282) and two internal oscillations 
(709 and 1434). The surviving components are mainly the non-diagonal 
ones although a term involving a,, — ay, is present. It is thus clear that the 
scattering moment should be of the polarised type in the case of the total 
symmetric internal oscillation (1084) only whereas the scattering moment in 
the case of all the other oscillations, lattice as well as internal, may be a 
mixture of the polarised and the depolarised types. In addition to the 
selection rules cited above, we have also to consider the possibility of the 
various tensor components that appear in each case being unequal amongst 
themselves such as ayy = ayy + a,,. ‘That such an inequality prominently 
exists is in fact clearly suggested by the result already noted in the foregoing 
section where it was observed that the change of polarisability of the CO, 
ion due to its total symmetric oscillation is much smaller when the incident 
light vector is perpendicular to the plane of the ion than when it is parallel 
to it. It may further be noted that the degree of such an anisotropy may be 
different for different normal oscillations. The combined effect of these two 
major factors, namely the selection rules and the anisotropy of the polarisa- 
tion tensor will determine the ultimate characters of the Raman lines 
corresponding to each one of the normal oscillations. We may now deal 
with the various oscillations of the calcite lattice individually in the light of 
the above analysis. 

Total Symmetric Oscillation (1084).—The set of equations (1) will deter- 
mine the intensities of the various components in any general case. 

px =Oxz E, + Oxy E, + a,, E, 

py = 4x Ex + ay Ey + ay, E, 

P: = Azx Ex + Azy Ey + gs E., (1) 
The f’s and the E’s stand for the components of the induced moment and of 
the incident light vector respectively. In the case of the 1084 line, we have 
all aj, = 0 and we shall postulate that a,, which is equal to a,, to be about 
three times as large as a,,. Intensities involving a,, or a,, will accordingly 
be about ten times as large as those involving a,,. The results that are to be 
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expected may be easily calculated and these are compared below in Table IV 
with the observations. 
“TABLE IV 

















Serial | Component in | Components in} Intensities cal- Intensities 
Number the incident the scattered | culated (1084) observed (1084) 
light light Os, OZ Ox OZ 

1 Ex Pz Px 0 100 5 200 

2 Ky Pp: Px 0 0 2 5 

3 Ex Py Px 0 100 60 100 

4 E; Py Px 0 0 20 10 

5 Ez Px Pz 0 10 | 5 10 

6 Ey px P: 0 0 | 50 5 














Numbers in column 1 of Table IV correspond to the numbers in column 
1 of Table I. The x, y and z occurring in columns 2 and 3 of Table IV refer 
to the system of axes in which the z-direction is always identified with the 
trigonal axis of the crystal. OX and OZ occurring in columns 4 and 5 have 
the significance given to them earlier and refer to the space fixed co-ordinate 
system. With the exception of the unusually large OX intensities observed 
in cases 3 and 6, the experimental results may be regarded as being in excellent 
agreement with the theoretical expectations. A close examination of cases 
3 and 6 however shows that the circumstances are particularly favourable 
for the presence of the proper component in the incident light due to conver- 
gence which will account for such abnormally large OX intensities. 

Lattice Oscillations (155 and 282).—In this case, equations (1) still hold 
good but we havea,,=0. We will also assume that a,,, a,, and a,, are com- 
paratively small and that a,, and a,, are both large and approximately equal. 
The expected results are shown in Table V along with observed figures. 








TABLE V 
| = 
Components | oy: Intensities ee 
Serial ———— | in the ——— obesrved yp i. 
Number . t lick t scattered | ox *O% (155) “ox. 
sehen light | ~* : 2 4 
{ 

1 Ex Pz Px | large .. 25 1 60 2 
2 Ey Pz Px | large 50 “ 100 ein 
3 Ex Py Px - ee 5 5 10 10 
4 E; Py Dx large large 50 50 100 100 
5 Ez Px Ps | large 0 50 0 100 3 
6 ly Px Ds -- large} 25 50 50 100 
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Notation in Table V is the same as that adopted in Table IV. Agree- 
ment between the observed and the calculated characters is very satisfactory. 
It must be remarked here that both the lattice oscillations have been treated 
exactly alike both in respect of the selection rules and the degree of 
anisotropy of the polarisation tensor. The latter is only an assumption which 
is justified by the results whereas the former is a consequence of the fact 
that both of them come under the same irreducible representation. 


Internal Degenerate Oscillations (709 and 1434).—These two oscillations 
also come under the irreducible representrion E, and the selection rules 
are therefore the same as those that have been found to hold good for the 
lattice lines. It is however known that in these oscillations, the movements 
of the atoms are confined to the plane of the CO, group only (see Ref. 1) and 
further special considerations will therefore apply. It is easily seen that 
in such oscillations, the symmetry axis remains as one of the principal direc- 
tions (z-direction) of the polarisability tensor during the oscillation while the 
x and y axes may change but being confined to the plane of symmetry only. 
This means that a,, =a,, = 0 and an incident light vector in which the 
vibrations are confined to the symmetry plane will give rise to an induced 
moment which is also confined to the symmetry plane. In this respect, their 
behaviour is akin to that of the total symmetric oscillation and reciprocal 
of that exhibited by the lattice lines. It may however be noted that an 
incident light vector which is perpendicular to the plane of the group will 
not give rise to any induced moment at all since a,, is also equal to zero. 
This is in conformity with the failure to record these lines in the plate 
corresponding to number 5 of Table I. A more detailed correlation will 
not be attempted as these lines are inherently weak and their components 
have not been recorded in all cases. 


First Overtone of the Raman Inactive Oscillation (1749).—There is a 
fundamental frequency at 879 arising from a non-degenerate oscillation of 
the lattice which is Raman inactive. The overtone in question refers to this 
and will accordingly be put under the total symmetric class.t It should 
therefore exhibit characters which are more or less similar to those exhibited 
by the 1084 itself. This expectation is supported by the meagre experi- 
mental results that are obtained in the present investigation. 





t+ See reference 1 where it was shown that the representation of the overtones of 


all non-degenerate irreducible representations is equivalent to the irreducible representa- 
tion of the total symmetric type. 
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6. Summary 


The results of studying the Raman effect in a specially cut and polished 
single crystal of calcite are reported in the paper. Twelve spectrograms 
corresponding to different orientations of the crystal with respect to the 
directions of incidence and observation are obtained. The most important 
result of the investigation is the reciprocal behaviour of the lattice oscillations 
on the one hand and the total symmetric oscillation on the other. This is 
to be expected theoretically as the former belong to a degenerate class whereas 
the latter comes under an altogether different representation possessing 
special features. Two other degenerate internal frequencies which are 
Raman-active resemble the total symmetric oscillation in many important 
respects. The first overtone of a Raman inactive fundamental is recorded 
in two spectra and in these cases, it is found to resemble the total symmetric 
oscillation. The results of this paper are in general agreement with those 
already reported by Nedungadi who worked with the closely analogous case 
of NaNO3. 


An attempt is made to explain the observed results by studying the 
selection rules in detail. The peculiar features of the recorded spectrograms 
indicate that the strong optical birefringence of the crystal which would 
naturally manifest itself in Rayleigh scattering has its parallel when we come 
to consider the Raman scattering. The polarisation tensor associated with 
each vibrational transition should accordingly be regarded as anisotropic 
and the type of anisotropy or the degree of anisotropy may vary from one 
normal vibration to another. This fact combined with the selection rules 
provides satisfactory explanation for most of the observed results. Small 
discrepancies which still remain unexplained may be attributed to errors 
arising from the convergence of the incident beam. 
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